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Prologue 
This thesis has been divided into four main parts: a general introduction on gold(I) 
catalysis and three research chapters. Each chapter contains five sections, including a 
detailed specific introduction on the research topic, the objectives, the discussion of the 
results obtained, the conclusions and finally the experimental section. Compounds are 
numbered independently in each chapter. 
The general introduction provides an overview of the basic principles in homogeneous 
gold(I) catalysis, comprising the preparation of gold(I) complexes, the activation of 
akynes and the general reactivity in the cycloisomerization of enynes. 
Chapter 1 presents the first total synthesis of the natural product repraesentin F, 
featuring a highly diastereoselective gold(I)-catalyzed cyclization cascade as the key step. 
This cycloisomerization/ring expansion/Prins-type tandem transformation of the 
appropriate cyclopropyl enyne substrate enabled a single step access to the atypical 
tricyclic carbon skeleton of the molecule. The manuscript summarizing these results has 
been published in Org. Lett. 2018, 20, 5784-5788. 
Chapter 2 discloses the development of a novel and efficient methodology for the 
synthesis of 1-substituted barbaralones from 7-ethynyl-1,3,5-cycloheptatriene substrates 
via a gold(I)-catalyzed oxidative cyclization. This methodology simplified the 
preparation of related fluxional molecules such as bullvalones and bullvalenes, and 
allowed access to complex cage-type structures. This work was published in Angew. 
Chem. Int. Ed. 2016, 55, 11178-11182. 
Chapter 3 includes a combination of organometallic, mechanistic and computational 
studies on the actual implication of σ -monogold and σ,π-digold(I) alkyne complexes in 
gold(I)-catalyzed reactions of enynes and their reactivity in catalysis. The results were 
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List of Abbreviations and Acronyms 
In this thesis, the abbreviations and acronyms most commonly used in organic and 
organometallic chemistry have been used following the recommendations published in 
the “Guideliness for Authors” of the Journal of Organic Chemistry.  
Additional abbreviations and acronyms used in this manuscript are referenced in the list 
below: 
APCI   Atmospheric Pressure Chemical Ionization 
app    Apparent 
BArF- Tetrakis[3,5-bis(trifluoromethyl)phenylborate] 
br Broad 
CHT Cycloheptatriene  




ee Enantiomeric excess 
ESP Electrostatic Potential 
FPP Farnesyl diphosphate 
GOESY Gradient Enhanced Nuclear Overhauser Effect Spectroscopy 
HMDS Hexamethyldisilazane 
HWE Horner-Wadsworth-Emmons 
IBX 2-Iodoxybenzoic acid 
IMes 1,3-Bis(2,4,6-trimethylphenyl)imidazol-2-ylidene 
IPr 1,3-Bis(2,6-diisopropylphenyl)imidazol-2-ylidene    
IRMDS Infrared Multiphoton Dissociation Spectrospray 
JohnPhos (2-Biphenyl)di-tert-butylphosphine 
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L Ligand 
MS Mass Spectrometry 




ORTEP Oak Ridge Thermal Ellipsoid Plot 
OTf- Triflate 
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Abstract 
Over the last years, our research group interests have been focused on the development 
of novel synthetic methodologies enabled by gold(I) catalysis, the study of the puzzling 
mechanisms of these transformations, and the design and preparation of new gold(I) 
complexes with improved catalytic activities. The implementation of gold(I)-catalyzed 
transformations as strategic key steps in total synthesis has led to the development of 
expedient synthesis of complex biologically active natural products. In this context, the 
main goals of the present Doctoral Thesis were the development of new gold(I)-mediated 
synthetic strategies for the preparation of complex natural and unnatural polycyclic 
frameworks, and the study of the corresponding reaction mechanisms. 
A novel approach for the construction of the tricyclic decahydrocyclobuta[a]pentalene 
skeleton, present in a number of naturally occurring sesquiterpenes, has been developed 
and applied to the first total synthesis of the natural product repraesentin F. This 
synthesis relies on a highly diastereoselective gold(I)-catalyzed cyclization cascade 
involving a tandem enyne cyclization/ring expansion/Prins-type reaction of the 
appropriate cyclopropyl enyne substrate to form the atypical tricyclic carbon skeleton of 
the natural product with the required syn/anti/syn ring fusion in a single step. Our 
synthetic effort allowed reassigning the relative configuration of repraesentin F and 
determining its absolute configuration.  
An efficient methodology for the synthesis of 1-substituted barbaralones from 7-ethynyl-
1,3,5-cycloheptatriene substrates via a gold(I)-catalyzed oxidative cyclization has been 
developed. Our approach constitutes one of the shortest (2 steps), mildest, most general 
and efficient synthesis (good to excellent yields) of barbaralones to date. This synthetic 
protocol simplifies the preparation of related fluxional molecules such as bullvalones and 
bullvalenes and allows access to complex cage-type structures.  
Finally, a combination of organometallic, mechanistic and computational studies on the 
role of σ-monogold and σ,π-digold(I) alkyne complexes in gold(I)-catalyzed reactions of 
enynes have been performed. Our investigations showed that gold(I) acetylides and σ,π-
digold(I) alkyne complexes derived from 1,6-enynes fail to cyclize even at high 
temperatures, the latter being poor catalysts in these transformations. These results 
confirmed that the aforementioned species are not catalytic intermediates. Rather, σ,π-
digold(I) alkyne complexes are “dead-ends” in catalytic reactions of enynes. 
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Short Summary of the Thesis (English) 
The first total synthesis of the natural product repraesentin F has been accomplished, 
featuring a highly diastereoselective gold(I)-catalyzed cyclization cascade as key step. 
This cycloisomerization/Prins-type transformation enabled single-step access to the 
atypical tricyclic skeleton of the molecule. The synthesis allowed reassignment of the 
relative configuration of repraesentin F and determination of its absolute configuration.  
A novel methodology for the synthesis of 1-substitued barbaralones from 7-ethynyl-
1,3,5-cycloheptatrienes via gold(I)-catalyzed oxidative cyclization has been developed, 
constituting the most efficient synthesis of barbaralones to date. It simplified access to 
bullvalones, bullvalenes and complex cage-type structures.  
Organometallic, mechanistic and computational studies on the role of σ -monogold and 
σ,π-digold alkyne species in gold(I)-catalyzed enyne cycloisomerizations have been 
performed. These complexes failed to cyclize under temperature demanding conditions, 
the latest being poor catalysts in these transformations. These results, supported by DFT 
calculations, confirmed that gold acetylides and digold complexes are not catalytic 
intermediates in reactions of enynes.  
Breve Resumen de la Tesis (Castellano) 
La primera síntesis total del producto natural repraesentin F ha sido completada, 
constituyendo el paso clave una reacción en cascada diastereoselectiva catalizada por 
oro(I). Esta cicloisomerización/reacción de Prins posibilitó la construcción del esqueleto 
de la molécula en un paso. La síntesis permitió reasignar la configuración relativa y 
determinar la configuración absoluta. 
Una metodología para la síntesis de barbaralonas 1-sustituidas mediante ciclación 
oxidante catalizada por oro(I) de 7-etinil-1,3,5-cicloheptatrienos ha sido desarrollada. 
Actualmente, ésta constituye la preparación más eficiente de barbaralonas, y ha facilitado 
la síntesis de bullvalonas y bullvalenos. 
Estudios organometálicos, mecanísticos y computacionales sobre el papel de acetiluros 
de oro(I) y complejos σ,π-dinucleares de oro(I) en reacciones de eninos han sido 
realizados. Dichos complejos no proporcionaron productos de ciclación en condiciones 
de temperaturas extremas, siendo los últimos pobres catalizadores en estas 
transformaciones. Los resultados, soportados por cálculos DFT, confirmaron que dichas 
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General Objectives 
The general objectives of this Doctoral Thesis comprise the development of novel 
synthetic strategies for the construction of complex molecular architectures through 
homogeneous gold(I) catalysis and the study of the corresponding reaction mechanisms. 
Specifically, our investigations focused on the following objectives: 
 
 
1. The development and application of highly diastereoselective gold(I)-catalyzed 
cyclization cascades for the synthesis of the natural product repraesentin F. 
 
 
2. The development of an efficient gold(I)-catalyzed oxidative cyclization for the 
preparation of 1-substituted barbaralones and related fluxional molecules such as 
bullvalones and bullvalenes. 
 
 
3. The detailed examination of the involvement of σ -monogold and σ,π-digold(I) 




Each chapter of this PhD Thesis contains a more detailed description of the objectives of 





UNIVERSITAT ROVIRA I VIRGILI 
GOLD CATALYSIS: FROM FUNDAMENTALS TO THE SYNTHESIS OF BULLVALENES AND NATURALLY 
OCCURRING SESQUITERPENES 




UNIVERSITAT ROVIRA I VIRGILI 
GOLD CATALYSIS: FROM FUNDAMENTALS TO THE SYNTHESIS OF BULLVALENES AND NATURALLY 
OCCURRING SESQUITERPENES 























UNIVERSITAT ROVIRA I VIRGILI 
GOLD CATALYSIS: FROM FUNDAMENTALS TO THE SYNTHESIS OF BULLVALENES AND NATURALLY 
OCCURRING SESQUITERPENES 





















UNIVERSITAT ROVIRA I VIRGILI 
GOLD CATALYSIS: FROM FUNDAMENTALS TO THE SYNTHESIS OF BULLVALENES AND NATURALLY 
OCCURRING SESQUITERPENES 
Sofia Ferrer Cabrera 
	 31 
Gold Throughout History 
Gold, symbol of beauty, purity, power and accomplishment is a precious metal that has 
charmed humans for millennia. This element with symbol Au (from Latin aurum, 
meaning yellow as the morning glow) and atomic number 79 is one of the most valuable 
Earth’s natural resources due to its unreactive and durable nature. It has been extensively 
used throughout history in jewellery and coinage, and through the years in more practical 
applications in the fields of dentistry, medicine, electronics, photography and aerospace 
(Figure 1).  
 
Figure 1. Applications of gold (in order of citation). 
For a long time, since gold had been considered to possess low catalytic activity,1 its 
potential in the field of catalysis was neglected. The first examples on gold catalysis date 
from the early 70’s and were centered on heterogeneous catalysis.2 It was not until the 
late 70’s when homogeneous gold catalysis was illustrated by the report of Thomas on 
the addition of water and methanol to non activated alkynes catalyzed by gold (III) salts, 
specifically NaAuCl4.3 Few years later, Utimoto showed that the same reaction could be 
carried out decreasing the catalyst loadings.4 The main drawback of these reactions was 
the rapid reduction of the catalyst to inactive gold(0), clearly demonstrating that more 
efficient gold catalysts were required in order to exploit this new field of catalysis. The 
breakthrough in homogeneous gold catalysis took place in 1998, when Teles5 and co-
workers reported the first practical gold-catalyzed reaction, the addition of alcohols to 
alkynes to form acetals under mild conditions. More efficient cationic gold(I) complexes, 





1. A. S. K. Hashmi, Gold Bull. 2004, 37, 51-65. 
2. (a) G. C. Bond, P. A. Sermon, G. Webb, D. A. Buchanan, P. B. Wells, J. Chem. Soc., Chem. Commun. 
1973, 444-445. (b) G. J. Hutchings, J. Catal. 1985, 96, 292-295. (c) M. Haruta, T. Kobayashi, H. Sano, 
N. Yamada, Chem. Lett. 1987, 405-408. 
3. R. O. C. Norman, W. J. E. Parr, C. B. Thomas, J. Chem. Soc. Perkin Trans. 1, 1976, 1983-1987. 
4. Y. Fukuda, K. Utimoto, J. Org. Chem. 1991, 56, 3729-3731.  
5. J. H. Teles, S. Brode, M. Chabanas, Angew. Chem. Int. Ed. 1998, 37, 1415-1418. 
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Scheme 1. First practical gold-catalyzed reaction reported by Teles. 
The same catalytic system was used later by Tanaka and co-workers for a general 
hydration of alkynes (Scheme 2).6 In all these examples, Markovnikov-type products 
were obtained. 
 
Scheme 2. General gold(I)-catalyzed hydration of alkynes. 
Relativistic Effects in Gold 
Since the first practical gold-catalyzed reactions were reported, the use of gold catalysis 
has grown exponentially, emerging as a powerful synthetic tool for numerous different 
transformations. This is mainly due to the ability of gold salts and cationic gold(I) and 
gold(III) complexes to selectively activate π-bonds. The high affinity of gold towards 
unsaturations or, in other words, its unique π-acidity is a result of the relativistic effects.7 
In chemistry, relativistic effects occur due to the high velocity of electrons moving close 
to a heavy nucleus. These relativistic effects increase very rapidly with the atomic 
number. In this sense, as the atomic number increases, the electrons that are closest to the 
nucleus increase their speed, and as a consequence of relativity their mass increases. This 
leads to a contraction of the s and p atomic orbitals, shielding the nuclear charge from d 
and f electrons. Thus, the electrons in the d and f orbitals show a weaker nuclear 
attraction, which is manifested by an expansion of the d and f orbitals. This effect is more 
significant for metals with their 4f and 5d orbitals filled, such as Pt, Au and Hg, the 
relativistic effect reaching a maximum for gold. In the case of gold, the contraction of the 
6s orbital reaches a maximum, leading to a considerable expansion of the 5d orbitals and 
thus, to a decreased electron/electron repulsion. The relativistic contraction of the s and p 
orbitals of Au is also responsible of the aurophilic interactions, the high electronegativity 
of gold (c 2.4), and presumably corresponds to a relatively low-lying lowest unoccupied 
molecular orbital (LUMO) which is traduced in its high Lewis acidity.8 
																																								 																				
6. (a) E. Mizushima, K. Sato, T. Hayashi, M. Tanaka, Angew. Chem. Int. Ed. 2002, 41, 4563-4565. (b) E. 
Mizushima, T. Hayashi, M. Tanaka, Org. Lett. 2003, 5, 3349-3352. 
7. (a) P. Pyykkö, Adv. Quantum Chem. 1978, 11, 353-409. (b) P. Pyykkö, J. P. Desclaux, Acc. Chem. Res. 
1979, 12, 276-281. (c) K. S. Pitzer, Acc. Chem. Res. 1979, 12, 271-276. (d) N. Bartlett, Gold Bull. 1998, 
31, 22-25. (e) P. Pyykkö, Angew. Chem. Int. Ed. 2001, 41, 3573-3578. (f) H. Schwarz, Angew. Chem. 
Int. Ed. 2003, 42, 4442-4454. (g) P. Pyykkö, Angew. Chem. Int. Ed. 2004, 43, 4412-4456. 
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Another consequence of this effect is the contraction and strengthen of the Au-L bond (L 
= ligand), therefore, the nature, properties and consequently the reactivities of the 
resulting complexes can be easily tuned by the steric and electronic properties of the 
ligands employed.9 Complexes bearing phosphite ligands are much more electrophilic 
than those with strongly donating N-heterocyclic carbene ligands (NHC), which are in 
this sense usually more selective. Gold(I) complexes with phosphine ligands show 
intermediate electrophilicity (Figure 2). In the past years, the use of chiral ligands to 
induce enantioselectivity in gold(I)-catalyzed reactions has been extensively explored.10 
 
Figure 2. Ligand tuned electrophilicity of gold(I) complexes. 
The slight differences in energy gap between the s, p or d orbitals as a consequence of 
the relativistic effects in gold lead to efficient hybridizations of s/d or s/p orbitals, which 
explain the high tendency of gold(I) to form linear bi-coordinate complexes.11 This effect 
also makes gold(I) complexes not susceptible to spontaneous oxidative addition or ß-
hydride elimination.12 
Gold(III) salts such as AuCl3 and NaAuCl4 or gold(III) complexes, which show a square 
planar geometry, are sufficiently alkynophilic to catalyze many transformations. 






9. D. J. Gorin, B. D. Sherry, F. D. Toste, Chem. Rev. 2008, 108, 3351-3378. 
10. Selected reviews: (a) R. A. Widenhoefer, Chem. Eur. J. 2008, 14, 5382-5391. (b) S. Sengupta, X. Shi, 
ChemCatChem 2010, 2, 609-619. (c) A. Pradal, P. Y. Tolluec, V. Michelet, Synthesis 2011, 1501-1514. 
(d) Y.-M. Wang, A. D. Lackner, F. D. Toste, Acc. Chem. Res. 2014, 47, 889-901. (e) W. Zi, F. D. Toste, 
Chem. Soc. Rev. 2016, 45, 4567-4589. 
11. M. C. Gimeno, A. Laguna, Chem. Rev. 1997, 97, 511-522. 
12. (a) T. Lauterbach, M. Livendahl, A. Rosellón, P. Espinet, A. M. Echavarren, Org. Lett. 2010, 12, 3006-
3009. (b) M. Livendahl, C. Goehry, F. Maseras, A. M. Echavarren, Chem. Commun. 2014, 50, 1533-
1536. For oxidative addition of gold(I) complexes or reductive elimination at gold(III) complexes the 
use of special ligands or systems is required, see: (c) J. Guenther, S. Mallet-Ladeira, L. Estévez, K. 
Miqueu, A. Amgoune, D. Bourissou, J. Am. Chem. Soc. 2014, 136, 14654-14657. (d) M. Joost, A. 
Zeineddine, L. Estévez, S. Mallet-Ladeira, K. Miqueu, A. Amgoune, D. Bourissou, J. Am. Chem. Soc. 
2014, 136, 1778-1781. (e) M. J. Harper, C. J. Arthur, J. Crosby, E. J. Emmett, R. L. Falconer, A. J. 
Fensham-Smith, P. J. Gates, T. Leman, J. E. McGrady, J. F. Bower, C. A. Russell, J. Am. Chem. Soc. 
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Synthesis of Gold(I) Complexes 
Generally, a gold(I)-catalyzed reaction commences by binding of a bicoordinated gold(I) 
to an unsaturation of the substrate (typically alkynes, alkenes and allenes) to form a new 
bicoordinated complex via an associative process. 13  For gold(I) complexes to be 
catalytically active, one of their ligands should be weakly coordinating to be readily 
displaced by the reactive substrate via π-coordination in an associative reaction, then 
entering the catalytic cycle. The ligand substitution of alkenes and alkynes with gold(I) 
complexes has been pointed in many cases as a catalytically relevant step in the catalytic 
cycle.14 
In the early stages of gold catalysis, gold(I) and gold(III) were used mostly as their 
chloride salts. However, as it was understood that the ligands played a crucial role in 
modulating the reactivity of gold(I) catalysts towards the activation of unsaturated 
substrates, the preparation of tailored cationic gold(I) sources became fundamental in the 
field of gold(I) catalysis. 
Species containing two neutral nitrogen donors, such as [Au(NCR)2]X (R = aryl, alkyl)15 
or [Au(NH3)2]X 16 , were found to be inactive themselves, but could be used as 
precatalysts in gold(I) chemistry. The change from acetonitrile in [Au(NCR)2]X to 
benzonitrile 17  resulted in improved thermal and moisture stabilities, avoiding the 
disproportionation of gold(I) to gold(III) and gold(0). The harsh conditions required for 
the synthesis of these species and their inherently limited stability towards moisture and 
air made them unpractical precatalysts. 
An air stable and more robust gold(I) precatalyst could be prepared smoothly by using 
electron-donating 2,4,6-trimethoxybenzonitrile (tmbn) as ligand (Scheme 3).18 A wide 
range of active catalysts [LAu(tmbn)]SbF6 (L being phosphines or NHC) could be 
synthesized easily under mild conditions by mixing [Au(tmbn)2]SbF6 precatalyst with 
one equivalent of a sufficiently donor ligand capable of displacing one molecule of tmbn 
from the precatalyst (Scheme 4). 
 
																																								 																				
13. (a) P. N. Dickson, A. Wehrli, G. Geier, Inor. Chem. 1988, 27, 2921-2925. (b) E. A. Pacheco, E. R. T. 
Tiekink, M. W. Whitehouse, Gold Chemistry: Applications and Future Directions in the Life Sciences, 
F. Mohr, Ed. Chapter 6, 2009, 283-287. Willey-VCH Verlag, GmbH & Co. (c) H. Schmidbaur, A. 
Schier, Organometallics 2010, 29, 2-23. 
14. (a) T. J. Brown, M. G. Dickens, R. A. Widenhoefer, J. Am. Chem. Soc. 2009, 131, 6350-6351. (b) T. N. 
Hooper, M. Green, J. E. McGrady, J. R. Patel, C. A. Russell, Chem. Commun. 2009, 3877-3879. (c) R. 
E. M. Brooner, T. J. Brown, R. A. Widenhoefer, Chem. Eur. J. 2013, 19, 8276-8284. (d) C. Nieto-
Oberhuber, S. López, M. P. Muñoz, D. J. Cárdenas, E. Buñuel, C. Nevado, A. M. Echavarren, Angew. 
Chem. Int. Ed. 2005, 44, 6146-6148. (e) A. Escribano-Cuesta, P. Pérez-Galán, E. Herrero-Gómez, M. 
Sekine, A. A. C. Braga, F. Maseras, A. M. Echavarren, Org. Biomol. Chem. 2012, 10, 6105-6111. (f) A. 
Homs, C. Obradors, D. Lebœuf, A. M. Echavarren, Adv. Synth. Catal. 2014, 356, 221-228. 
15. D. M. P. Mingos, J. Yau, J. Organomet. Chem. 1994, 479, C16-C17. 
16. D. M. P. Mingos, J. Yau, S. Menzer, D. J. Williams, J. Chem. Soc. Dalton Trans. 1995, 319-320. 
17. J. Yau, D. M. P. Mingos, J. Chem. Soc. Dalton Trans. 1997, 1103-1111. 
18. M. Raducan, C. Rodríguez-Escrich, X. C. Cambeiro, E. C. Escudero-Adán, M. A. Pericàs, A. M. 
Echavarren, Chem. Commun. 2011, 47, 4893-4895. 
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Scheme 3. Synthesis of [Au(tmbn)2]SbF6. 
 
Scheme 4. Preparation of cationic active catalysts [LAu(tmbn)]SbF6 from [Au(tmbn)2]SbF6. 
A different type of catalyst source was already employed by Teles in 1998,5 specifically 
[(PPh3)AuMe]. The strong donation of both ligands precludes the ligand exchange, 
making this complex inactive. However, the catalytically active cationic species can be 
generated by addition of a Brønsted acid, typically MeSO3H, although other acids such 
as HBF4, trifluoroacetic acid or phosphotungstic acid trihydrate (H3PW12O40) have also 
been used.19 
Gold(I) complex [(PPh3)AuMe] could be prepared by reaction of [(PPh3)AuCl] with 
methyl magnesium iodide.20 At the same time, [(PPh3)AuCl] (as well as other [LAuCl] 
species) could be synthesized by reaction of PPh3 and (tetrahydrothiophene)AuCl, an air 
stable salt arising from the reduction of HAuCl4·(H2O)n with tetrahydrothiophene 
(Scheme 5). 
 
Scheme 5. Preparation of [(PPh3)AuMe]. 
Protonolysis with Brønsted acids has also been used for the preparation of catalytically 
active cationic gold(I) species from the gold hydroxide complex [(IPr)AuOH], obtained 
by treating neutral [(IPr)AuCl] with KOH.21 
A more practical alternative is to use [(PPh3)AuCl] or other [LAuCl] precatalysts and 
generate the active cationic gold(I) species in sity by chloride abstraction using a silver 
																																								 																				
19. C. Nieto-Oberhuber, M. P. Muñoz, S. López, E. Jiménez-Núñez, C. Nevado, E. Herrero-Gómez, M. 
Raducan, A. M. Echavarren, Chem. Eur. J. 2006, 12, 1677-1693. 
20.	 A. Tamaki, J. K. Kochi, J. Organomet. Chem. 1973, 61, 441-450. 
21. For selected examples see: (a) S. Gaillard, A. M. Z. Slawin, S. P. Nolan, Chem. Commun. 2010, 46, 
2742-2744. (b) C. Gaillard, J. Bosson, R. S. Ramón, P. Nun, A. M. Z. Slawin, S. P. Nolan, Chem. Eur. J. 
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salt to form insoluble AgCl.22 The order of addition of the different components of the 
reaction (gold precatalyst, substrate, silver salts…) is crucial when generating the 
cationic gold(I) species in situ in order to avoid the so-called silver effect, which is 
mainly due to the formation of chloride-bridged digold(I) species (Scheme 6).23  
 
Scheme 6. Generation of chloride-bridged dinuclear gold(I) complexes. 
More convenient procedures for the preparation of LAuCl complexes include the 
reduction of NaAuCl4 with 2,2’-thiodiethanol in the presence of the ligand of choice L, 
or the direct reaction of chloro(dimethylsulfide)gold(I) with the desired ligand, 
generating volatile dimethyl sulfide (Scheme 7). 
 
Scheme 7. Convenient preparation of LAuCl complexes. 
Well defined, air-stable cationic gold(I) complexes could also be prepared by chloride 
abstraction from a [LAuCl] precatalysts bearing phosphine, phosphite or N-heterocyclic 
carbene as ligands using silver or sodium salts14f with a noncoordinating anion in the 
presence of a labile ligand (usually acetonitrile or benzonitrile), and isolated by filtration 
(Scheme 8).14d,24 In this procedure, the presence of a labile ligand is essential due to the 
instability of [LAu]+ cations displaying mono-coordination at the gold atom. 25  The 
straightforward preparation, easy handling, high stability towards storage and the 
possibility to be directly used as catalysts make these complexes the catalysts of choice 
for most experimental chemists. Furthermore, nowadays some of these cationic gold(I) 
complexes are commercially available, which reflects the usefulness of gold(I) catalysis. 
																																								 																				
22. For the isolation of a silver intermediate in gold precatalyst activation see: S. G. Weber, F. Rominger, B. 
F. Straub, Eur. J. Inorg. Chem. 2012, 2863-2867. 
23. A. Homs, I. Escofet, A. M. Echavarren, Org. Lett. 2013, 15, 5782-5785. 
24. For the preparation of Au(I) catalysts see: (a) C. Nieto-Oberhuber, S. López, A. M. Echavarren, J. Am. 
Chem. Soc. 2005, 127, 6178-6179. (b) S. López, E. Herrero-Gómez, P. Pérez-Galán, C. Nieto-
Oberhuber, A. M. Echavarren, Angew. Chem. Int. Ed. 2006, 45, 6029-6032. (c) C. H. M. Amijs, V. 
López-Carrillo, M. Raducan, P. Pérez-Galán, C. Ferrer, A. M. Echavarren, J. Org. Chem. 2008, 73, 
7721-7730. 
25. The formation of [(IPr**)Au]BArF, with IPr** = 1,3-bis{2,6-bis[bis-(4-tert-butylphenyl)methyl]-4-
methylphenyl}-1,3-dihydro-2H-imidazol-2-ylidene, without structural characterization. S. G. Weber, D. 
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Scheme 8. Protocol to synthesize stable cationic [(JohnPhos)AuNCMe]SbF6. 
A related class of stable gold(I) catalysts, [LAuNTf2]26  and [LAuOTf]27  bearing the 
weakly coordinating bistriflimide or trifluoromethanesulfonate instead of nitriles could 
be prepared by chloride abstraction using AgNTf2 or AgOTf (Scheme 9). A protocol for 
the in situ preparation of [LAuOTf] using copper salts such as Cu(OTf)2 has also been 
reported. In this case a gradual production of active gold species was observed.28 
 
Scheme 9. Procedure to synthesize stable neutral [(PPh3)AuOTf]. 
Activation of π-Bonds with Gold(I) Complexes 
The Dewar-Chatt-Duncanson model can be used to explain the activation of alkynes by 
gold, considering the bond as a donor-acceptor interaction.29 This model illustrates the 
metal-acetylene bonding as a combination of a s-interaction, in which the alkyne donates 
electron density to an empty d-orbital of the metal, and a back-bonding π-interaction, in 
which the metal donates back from a filled d-orbital into the empty antibonding π* 
orbital of the alkyne (Figure 3). Computational studies have been used to evaluate the 
contribution of these interactions, showing a presumably high energy of the antibonding 
orbital that precludes a meaningful backbonding leading to unsubstantial back-
donation.30 In this way, alkynes can be seen as strong s-donors but weak π-acceptors for 
gold(I). The coordination of gold to a π-ligand (typically alkynes, allenes or alkenes) and 
the modest back-donation from gold(I) overall increases the electrophilicity of the π-
ligand, making it prone to undergo nucleophilic addition.8 
																																								 																				
26. (a) N. Mézailles, L. Ricard, F. Gagosz, Org. Lett. 2005, 7, 4133-4136. (b) L. Ricard, F. Gagosz, 
Organometallics 2007, 26, 4704-4707. 
27. M. Preisenberger, A. Schier, H. Schmidbaur, J. Chem. Soc. Dalton Trans. 1999, 1645-1650. 
28. A. Guérinot, W. Fang, M. Sircoglou, C. Bour, S. Bezzenine-Lafollée, Vincent Gandon, Angew. Chem. 
Int. Ed. 2013, 52, 5848-5852. 
29. (a) For a review on the theory see: M. J. S. Dewar, Bull. Soc. Chim. Fr. 1951, 18, C71-C79. (b) J. Chatt, 
L. A. Duncanson, J. Chem. Soc. 1953, 2939-2947. 
30. (a) R. H. Hertwig, W. Koch, D. Schröder, H. Schwarz, J. Phys. Chem. 1996, 100, 12253-12260. (b) M. 
S. Nechaev, V. M. Rayón, G. Frenking, J. Phys. Chem. A 2004, 108, 3134-3142. (c) N. D. Shapiro, F. D. 
Toste, Proc. Natl. Acad. Sci. U.S.A. 2008, 105, 2779-2782. (d) N. Salvi, L. Belpassi, F. Tarantelli, Chem. 
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Figure 3. Deward-Chatt-Duncanson model for gold. 
A number of 𝜂 2-alkyne gold(I) complexes (internal alkynes) have been structurally 
characterized by NMR and X-ray crystallography.30c,31 A symmetrical coordination of 
gold(I) to the alkyne (equal distance of both alkyne carbons to gold) was observed even 
in unsymmetrical alkynes. The triple bond length (1.220 Å) is practically the same as that 
of a free alkyne (1.202 Å), even though a significant deviation from linearity of the 
alkyne moiety was detected (Figure 4).31b The formation of mononuclear gold bi-
coordinate π-complexes with alkenes, allenes and 1,3-dienes has also been reported.32 
 
Figure 4. Structure of (𝜂2-4,4-dimethylpent-2-yne)tri-tert-butylphosphine Au(I) complex.31b 
Nucleophilic Attack 
In general, the 𝜂 2-alkyne gold(I) complexes I can be attacked by a wide range of 
nucleophiles in an anti fashion to give trans-alkenyl-gold species II as intermediates 
(Scheme 10).33 For the specific case of norbornenes, a syn addition has been reported.34 
A syn insertion of alkynes and allenes into Au-Si bonds has also been described.35 
Nucleophilic counterparts of diverse nature have been used in both inter- and 
intramolecular gold(I)-catalyzed reactions (e.g. arenes,36 heteroarenes,37 furans,38 thiols,39 
																																								 																				
31. Selected examples: (a) S. Flügge, A. Anoop, R. Goddard, W. Thiel, A. Fürstner, Chem. Eur. J. 2009, 15, 
8558-8565. (b) T. N. Hooper, M. Green, C. A. Russell, Chem. Commun. 2010, 46, 2313-2315. (c) T. J. 
Brown, R. A. Widenhoefer, J. Organomet. Chem. 2011, 696, 1216-1220. (d) T. J. Brown, R. A. 
Widenhoefer, Organometallics 2011, 30, 6003-6009. 
32.      (a) T. J. Brown, A. Sugie, M. G. D. Leed, R. A. Widenhoefer, Chem. Eur. J. 2012, 18, 6959-6971. (b) C. 
Obradors, A. M. Echavarren, Chem. Commun. 2014, 50, 16-28.  
33. Selected reviews: (a) C. Nevado, A. M. Echavarren, Chem. Soc. Rev. 2004, 33, 431-436. (b) L. Zhang, J. 
Sun, S. A. Kozmin, Adv. Synth. Catal. 2006, 348, 2271-2296. (c) A. S. K. Hashmi, Chem. Rev. 2007, 
107, 3180-3211. (d) A. Fürstner, P. W. Davies, Angew. Chem. Int. Ed. 2007, 46, 3410-3449. (e) A. 
Fürstner, Chem. Soc. Rev. 2009, 38, 3208-3221. (f) L. Fensterbank, M. Malacria, Acc. Chem. Res. 2014, 
47, 953-965. 
34. M. A. Cinellu, G. Minghetti, F. Cocco, S. Stoccoro, A. Zucca, M. Manassero, Angew. Chem. Int. Ed. 
2005, 44, 6892-6895. 
35. M. Joost, P. Gualco, S. Mallet-Ladeira, A. Amgoune, D. Bourissou, Angew. Chem. Int. Ed. 2013, 52, 
7160-7163. 
36. C. Ferrer, A. M. Echavarren, Angew. Chem. Int. Ed. 2016, 45, 1105-1109.  
37. C. M. Krauter, A. S. K. Hashmi, M. Pernpointner, ChemCatChem 2010, 2, 1226-1230. 
38. (a) A. S. K. Hashmi, T. M. Frost, J. W. Bats, J. Am. Chem. Soc. 2000, 122, 11553-11554. (b) A. S. K. 
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sulfoxides, 40  amines, 41  imines 42  and N-oxides 43 ). Specifically, our group has mainly 
targeted the use of alkenes as nucleophiles both in inter-44 and intramolecular fashion.45 
 
Scheme 10. Anti-nucleophilic attack to 𝜂2-alkyne gold(I) complexes I. 
Cycloisomerization of 1,n-Enynes 
The cycloisomerizations of 1,n-enynes are among the most illustrative carbon-carbon 
bond forming reactions catalyzed by electrophilic metal complexes. These 
transformations are of high utility in organic synthesis since they provide access to 
complex and diverse molecular frameworks from simple substrates.  
Generally, gold(I) selectively activates alkynes in the presence of alkenes or other 
functional groups. The high alkynophilicity of gold(I) is not related to the 
thermodynamic preference for the coordination to the alkynes, indeed gold(I) complexes 
are not selective towards the coordination of alkynes over alkenes. However, the 
resulting 𝜂 2-alkyne gold(I) complexes possess higher reactivity towards nucleophilic 





																																								 																																							 																																							 																													
39. (a) I. Nakamura, T. Sato, Y. Yamamoto, Angew. Chem. Int. Ed. 2006, 45, 4473-4475. (b) I. Nakamura, 
T. Sato, M. Terada, Y. Yamamoto, Org. Lett. 2007, 9, 4081-4083. 
40. (a) N. D. Shapiro, F. D. Toste, J. Am. Chem. Soc. 2007, 129, 4160-4161. (b) P. W. Davies, S. J.-C. 
Albrecht, Angew. Chem. Int. Ed. 2009, 48, 8372-8375.  
41. (a) F. M. Istrate, F. Gagosz, Org. Lett. 2007, 9, 3181-3184. (b) J. Qian, Y. Liu, J. Cui, Z. Xu, J. Org. 
Chem. 2012, 77, 4484-4490. 
42. (a) H. Kusama, Y. Miyashita, J. Takaya, N. Iwasawa, Org. Lett. 2006, 8, 289-292. (b) E. Benedetti, G. 
Lemière, L. L. Chapellet, A. Penoni, G. Palmisano, M. Malacria, J. P. Goddard, L. Fensterbank, Org. 
Lett. 2010, 12, 4396-4399. 
43. (a) L. Ye, L. Cui, G. Zhang, L. Zhang, J. Am. Chem. Soc. 2010, 132, 3258-3259. 
44.      (a) V. López-Carrillo, A. M. Echavarren, J. Am. Chem. Soc. 2010, 132, 9292-9294. (b) M. E. de Orbe, L. 
Amenós, M. S. Kirillova, Y. Wang, V. López-Carrillo, F. Maseras, A. M. Echavarren, J. Am. Chem. Soc. 
2017, 139, 10302-10311. (c) C. García-Morales, B. Ranieri, I. Escofet, L. López-Suárez, C. Obradors, A. 
I. Konovalov, A. M. Echavarren, J. Am. Chem. Soc. 2017, 139, 13628-13631. 
45. Selected reviews: (a) E. Jiménez-Núñez, A. M. Echavarren, Chem. Commun. 2007, 333-346. (b) E. 
Jiménez-Núñez, A. M. Echavarren, Chem. Rev. 2008, 108, 3326-3350. (c) C. Obradors, A. M. 
Echavarren, Acc. Chem. Res. 2014, 47, 902-912. (d) R. Dorel, A. M. Echavarren, Chem. Rev. 2015, 115, 
9028-9072. 
46. M. García-Mota, N. Cabello, F. Maseras, A. M. Echavarren, J. Pérez-Ramírez, N. López, 
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Cycloisomerization of 1,6-Enynes 
Coordination of the alkyne by gold(I) forms 𝜂2-alkyne gold(I) complexes III that react as 
electrophiles with the alkene to render the proposed cyclopropyl gold(I) carbene-like 
intermediates IV or IX via an anti-5-exo-dig or a 6-endo-dig cyclization respectively 
(Scheme 11).24a, 47  The substitution pattern of the alkyne and the alkene, the linker 
between these two moieties in the enyne, and the ligand employed determine the nature 
and evolution of these intermediates. 48  In the absence of internal and external 
nucleophiles, intermediates IV and IX evolve by different skeletal rearrangements.  
Cyclopropyl gold(I) carbene intermediates IV can rearrange to form carbene VII through 
a process recognized as double cleavage rearrangement (both the alkyne and the alkene 
are cleaved), in which the formal insertion of the terminal alkene carbon into the alkyne 
carbons takes place. These new rearranged carbenes VII undergo 1,2-H shift and 
protodeauration to afford dienes VIII. Even though products with both configurations (Z 
or E) have been obtained in this rearrangement, compounds Z-VIII are more common, in 
particular when R3 = H.49  A single cleavage rearrangement can also take place via 
opening of IV to yield 1,3-dienes VI through 1,3-migration of the distal carbon of the 
alkene to the distal carbon of the alkyne (only the alkene is cleaved). Compounds XIV, 
featuring a six-membered ring, are formed from an alternative endo-type single-cleavage 
rearrangement in which the proximal carbon of the double bond migrates toward the 
distal carbon of the alkyne.50 Generally, 1,6-enynes with electron-donating substituents 
on the alkyne are more prone to undergo single cleavage rearrangement, while electron-
withdrawing substituents tend to induce double cleavage rearrangement. 
In contrast, intermediates IX from 6-endo-dig cyclization can give bicyclo[4.1.0]hept-2-
ene derivatives X by 1,2-H shift and protodeauration.19,24b,51 Additionally, IX can also 
rearrange by ring expansion of the cyclopropane to (𝜂2-cyclobutene)-gold(I) complexes 
XI, which give cyclobutenes XII upon demetalation. Even though highly strained 
structures XII have been isolated in a few cases in the cycloisomerization of 1,6-
enynes,14e,24a,52 they are more common products in the cyclization of higher 1,n-enynes 
(n≥7), giving rise to less strained macrocycle-fused cyclobutenes through a formal [2+2] 
cycloaddition.  
																																								 																				
47. (a) C. Nieto-Oberhuber, M. P. Muñoz, E. Buñuel, C. Nevado, D. J. Cárdenas, A. M. Echavarren, Angew. 
Chem. Int. Ed. 2004, 43, 2402-2406. (b) C. Ferrer, M. Raducan, C. Nevado, C. K. Claverie, A. M. 
Echavarren, Tetrahedron 2007, 63, 6306-6316. (c) E. Soriano, J. Marco-Contelles, Acc. Chem. Res. 
2009, 42, 1026-1036. 
48. J.-M. Mattalia, P. Nava, J. Organomet. Chem. 2014, 749, 335-342. 
49. (a) K. Ota, N. Chatani, Chem. Commun. 2008, 2906-2907. (b) K. Ota, S. I. Lee, J.-M. Tang, M. Takachi, 
H. Nakai, T. Morimoto, H. Sakurai, K. Kataoka, N. Chatani, J. Am. Chem. Soc. 2009, 131, 15203-15211. 
50. N. Cabello, E. Jiménez-Núñez, E. Buñuel, D. J. Cárdenas, A. M. Echavarren, Eur. J. Org. Chem. 2007, 
4217-4223. 
51. (a) C. Nieto-Oberhuber, P. Pérez-Galán, E. Herrero-Gómez, T. Lauterbach, C. Rodríguez, S. López, C. 
Bour, A. Rosellón, D. J. Cárdenas, A. M. Echavarren, J. Am. Chem. Soc. 2008, 130, 269-279. (b) Y. T. 
Lee, Y. K. Kang, Y. K. Chung, J. Org. Chem. 2009, 74, 7922-7934. 
52.      (a) S. I. Lee, S. M. Kim, M. R. Choi, S. Y. Kim, Y. K. Chung, J. Org. Chem. 2006, 71, 9366-9372. (b) R. 
E. M. Brooner, T. J. Breown, R. A. Widenhoefer, Angew. Chem. Int. Ed. 2013, 52, 6259-6261. 
UNIVERSITAT ROVIRA I VIRGILI 
GOLD CATALYSIS: FROM FUNDAMENTALS TO THE SYNTHESIS OF BULLVALENES AND NATURALLY 
OCCURRING SESQUITERPENES 
Sofia Ferrer Cabrera 
	 41 
Intermediates XI can also isomerize and give products XIII after demetalation. 
Alternatively, the ring opening of gold(I) complexes XI can afford the 1,3-diene products 
of single cleavage rearrangement VI. In a similar manner, 1,5 and 1,7-enynes undergo 
rearrangements upon gold(I) catalysis by related pathways.53 
 





53. (a) L. Zhang, S. A. Kozmin, J. Am. Chem. Soc. 2004, 126, 11806-11807. (b) F. Gagosz, Org. Lett. 2005, 
7, 4129-4132. (c) J. Sun, M. P. Conley, L. Zhang, S. A. Kozmin, J. Am. Chem. Soc. 2006, 128, 9705-
9710. (d) N. Cabello, C. Rodríguez, A. M. Echavarren, Synlett 2007, 11, 1753-1758. (e) C. Li, Y. Zeng, 
H. Zhang, J. Feng, Y. Zhang, J. Wang, Angew. Chem. Int. Ed. 2010, 49, 6413-6417. (f) V. López-Carillo, 
N. Huguet, Á. Mosquera, A. M. Echavarren, Chem. Eur. J. 2011, 17, 10972-10978. (g) Y. W. Wang, A. 
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Cycloisomerization of 1,n-Enynes with n>7 
Few reports on the cycloisomerization of 1,8- 54  and 1,9-enynes 55  can be found. 
Interestingly, larger 1,n-enynes (n = 10-16) react under gold(I) catalysis to form 
cyclobutene-containing macrocycles (Scheme 12).44,56 
 
Scheme 12. Gold(I)-catalyzed cyclization of 1,16-enyne. 
Nucleophilic Additions to 1,n-Enynes 
Cycloisomerization of 1,n-enynes in the presence of external nucleophiles such as water, 
alcohols, ketones or amines leads to the formation of alkoxy-, hydroxy- or 
aminocyclization products via nucleophilic attack on the cyclopropyl gold(I) carbene 
intermediates generated.19,47a,57 In these reactions, the attack of the nucleophile onto the 
cyclopropyl gold(I) carbene is regioselective and stereospecific. The overall process can 
be seen as an anti-addition of the alkyne-gold(I) moiety and the nucleophile to the alkene 
satisfying the Markovnikov regiochemistry (Scheme 13).47a,58 
 
Scheme 13. Anti-addition of MeOH to 1,6-enynes. 
The intramolecular reaction of cyclopropyl gold(I) carbene intermediates with oxygen, 
carbon or nitrogen nucleophiles present in the enyne has also been reported.24b,59 An 
example on the participation of aryl rings as internal nucleophiles is the reaction of 1,6-
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56. C. Obradors, D. Lebœuf, J. Aydin, A. M. Echavarren, Org. Lett. 2013, 15, 1576-1579. 
57. For some examples of the intermolecular version see: (a) A. K. Buzas, F. M. Istrate, F. Gagosz, Angew. 
Chem. Int. Ed. 2007, 46, 1141-1144. (b) C.-M. Chao, P. Y. Toullec, V. Michelet, Tetrahedron Lett. 
2009, 50, 3719-3722. (c) C. Obradors, A. M. Echavarren, Chem. Eur. J. 2013, 19, 3547-3551.  
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7321-7332. For oxo-1,5-enynes see: (d) N. Huguet, A. M. Echavarren, Synlett 2012, 23, 49-53. (e) P. 
Calleja, M. E. Muratore, T. Jiménez, A. M. Echavarren, Synthesis 2016, 48, 3183-3198. 
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enynes with aryl-substituted alkynes, that undergo formal [4+2] cycloaddition to afford 
tricyclic scaffolds XIX.51a The cyclopropyl gold(I) carbene-like intermediate XVIa is 
formed through a 5-exo-dig process. It is then opened by nucleophilic attack of the aryl 
ring via a Friedel-Crafts-type reaction to afford XVII, which upon rearomatization and 
protodeauration yields XIX (Scheme 14). 
 
Scheme 14. Mechanism for the intramolecular [4+2] cycloaddition of aryl-substituted 1,6-enynes 
with alkenes. 
Character and Evolution of Cyclopropyl Gold(I) Carbenes 
The cyclopropyl gold(I) carbene species proposed as intermediates in fact show highly 
delocalized structures, distorted from one another, which are in between cyclopropyl 
gold(I) carbenes and gold(I)-stabilized homoallyl carbocations, thus, they can be 
represented as XX. DFT computational studies showed that the substitution pattern of the 
enyne and the constitution of the ligand dictate the more carbocationic or carbenic nature 
of the gold(I) intermediate.24a,50 In this sense, it was observed that gold-stabilized 
homoallylic carbocation XXc (longest bond distance b) was the most suitable 
representation of the intermediate when the substituents on the alkene were R = H or Me, 
while the carbocationic form XXb (longest bond distance c) resulted to be the best 
illustration of the intermediate for R = cyclopropyl or p-MeOC6H4 (Table 1), in both 
cases with L = PH3.60 
The distorted character of cyclopropyl gold(I) carbene intermediates was indirectly 
proved by the outcome of the gold(I)-catalyzed cycloisomerization of 1,6-enynes bearing 
strong electron donating groups at the alkene, such as cyclopropyl (enynes 1 and 2, 
Scheme 15).60 Gold(I)-catalyzed single-cleavage rearrangements are usually 
stereospecific processes in which the configuration of the alkene is retained. 
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Nevertheless, in this case, enynes 1 and 2 (E and Z isomers respectively) were rearranged 
via a single-cleavage process that proceeded non-stereospecifically, to give selectively Z-
dienes in both cases (Scheme 15). This suggests the formation of intermediates with 
carbocationic nature, which can undergo facile bond rotation prior to rearrangement. 
Table 1. Calculated bond distances for cyclopropyl gold(I) carbene intermediates XX.60  
 
R a (Å) b (Å) c (Å) 
H 1.378 1.742 1.569 
Me 1.372 1.720 1.622 
Cyclopropyl 1.356 1.586 1.987 
p-MeOC6H4 1.344 1.578 2.328 
 
 
Scheme 15. Gold(I)-catalyzed cis-selective single-cleavage rearrangement of enynes 1 and 2. 
The effect of the ligand on the carbocationic or carbenic character of gold(I) 
intermediates was similarly evaluated in the gold(I)-catalyzed nucleophilic addition of 
indoles onto 1,6-enynes. In this reaction, products 5 and 6 (Scheme 16) were obtained in 
different ratios depending on the ligand used.61 Electron donating NHC ligands favored 
the formation of products 5, corresponding to the nucleophilic attack of the indole at the 
carbene carbon. This suggests that the carbene character of the gold(I) intermediate XXI 
is strengthened by strongly donating NHC ligands. In contrast, the carbocationic nature 
of intermediate XXI is enhanced when employing [(JohnPhos)AuNCMe]SbF6 catalyst, 
obtaining 6, that arises from the attack of the indole at the carbocation, as the major 
product (Scheme 16). 
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Scheme 16. Gold(I)-catalyzed nucleophilic addition of indole to 1,6-enyne 4. 
Trapping of Cyclopropyl Gold(I) Carbenes 
Spectroscopic characterization or isolation of cyclopropyl gold(I) carbenes has never 
been reported due to the high reactivity of these species.62 Nevertheless, the formation of 
these intermediates has been confirmed by indirect methods. Thus, cyclopropyl gold(I) 
carbenes have been trapped with alkenes intra-19,47a, 63  (Scheme 17) and 
intermolecularly24c, 64  (Scheme 18) to afford cyclopropane derivatives. The 
aforementioned intermediates have also been trapped with nucleophiles, as has been 
shown in the gold(I)-catalyzed nucleophilic addition of indoles to 1,6-enynes to give 
product 5 (Scheme 16). 
 
Scheme 17. Intramolecular cyclopropanation of proposed cyclopropyl gold(I) carbene 
intermediates from 1,6-enynes. 
 
																																								 																				
62. For some examples in the observation of key species see: (a) A. S. K. Hashmi, Angew. Chem. Int. Ed. 
2010, 49, 5232-5241. (b) L. P. Liu, G. B. Hammond, Chem. Soc. Rev. 2012, 41, 3129-3139. 
63. S. M. Kim, J. H. Park, S. Y. Choi, Y. K. Chung, Angew. Chem. Int. Ed. 2007, 46, 6172-6175. 
64. P. Pérez-Galán, E. Herrero-Gómez, D. T. Hog, N. J. A. Martin, F. Maseras, A. M. Echavarren, Chem. 
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[(IPr)AuNCPh]SbF6 75:25 (57) 
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Scheme 18. Intermolecular cyclopropanation of proposed cyclopropyl gold(I) carbene 
intermediates originating in 1,6-enynes. 
The use of stoichiometric amounts of external oxidants, such as Ph2SO, allowed a formal 
trapping of cyclopropyl gold(I) carbene intermediates by oxidation, leading to the 
corresponding aldehydes 12 (Scheme 19). Even though the proposed mechanism 
suggests an initial formation of an a-oxo gold(I) carbene intermediate that undergoes 
intramolecular cyclopropanation, formally, this scenario can be perceived as a direct 
oxidation of the carbene center.65 This discovery opened the field of gold(I)-catalyzed 
oxidative cyclizations, and will be treated in more detail in chapter 2.66 
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Introduction 
Natural products are organic biomolecules that in many cases exhibit biological activities 
that can be therapeutically beneficial in the treatment of many diseases. Throughout 
history, natural products have been a great source of active components in traditional 
medicine. Nowadays, a great number of new drugs are natural products or synthetic 
derivatives with improved efficiency, and their structures are used as model scaffolds in 
drug discovery. Thus, a great attention is still given to the field of natural product 
synthesis. This research discipline illustrates the power of organic synthesis, making use 
of classical as well as novel synthetic methodologies, and in many cases, allowing the 
discovery of new transformations to construct complex organic compounds from 
accessible starting materials.67  
Repraesentin F 
Repraesentin F is a protoilludane-related sesquiterpene isolated in 2006 from the fruiting 
bodies of Lactarius repraesentaneus, a fungus growing in the coniferous forests of the 
mountainous regions of Japan. This sesquiterpene possesses biological activity related to 
the regulation of plant growth. Its activity towards the radicle elongation of lettuce 
seedlings has been tested, affording a promotion value of 116% at 3.6·102 µM 
concentration. 68  Several other bioactive compounds, including protoilludane 
sesquiterpene repraesentin A, sesquiterpenes repraesentins B and C, and lactarane 
sesquiterpenes repraesentins D and E, have been isolated from the same fungus (Figure 
1).68,69 
Extraction of 3.5 kg of fresh mushrooms of L. repraesentaneus in methanol followed by 
several chromatography columns over silica gel and a final HPLC separation with an 
ODS column (YMC RS-312, 150 x 6.0 mm I.D.) led to the isolation of 3.4 mg of 
repraesentin F, whose structure was elucidated on the basis of 1D and 2D NMR 
techniques as depicted in Figure 1.68  
The most characteristic feature of this natural product is its unusual and singular syn-, 
anti-, syn- decahydrocyclobuta[a]pentalene skeleton, previously found only in the 
sesquiterpenes (+)-kelsoene,70 poduran,71 (+)-sulcatine G72 and fascicularone B73 (Figure 
																																								 																				
67. K. C. Nicolaou, Proc. Natl. Acad. Sci. U.S.A. 2004, 101, 11928. 
68. M. Kashiwabara, T. Kamo, H. Makabe, H. Shibata, M. Hirota, Biosci. Biotechnol. Biochem. 2006, 70, 
1502-1505. 
69. M. Hirota, Y. Shimizu, T. Kamo, H. Makabe, H. Shibata, Biosci. Biotechnol. Biochem. 2003, 67, 1597-
1600. 
70. (a) G. M. Konig, A. D. J. Wright, J. Org. Chem. 1997, 62, 3837-3840. (b) S. Schulz, C. Messer, K. 
Dettner, Tetrahedron Lett. 1997, 38, 2077-2080. (c) K. Nabeta, K. Yamamoto, M. Hashimoto, H. 
Koshino, K. Funatsuki, K. Katoh, Chem. Commun. 1998, 1485-1486. (d) K. Nabeta, M. Yamamoto, H. 
Koshino, H. Fukui, Y. Fukushi, S. Tahara, Biosci. Biotechnol. Biochem. 1999, 63, 1772-1776. 
71. S. Schulz, C. Messer, K. Dettner, Tetrahedron Lett. 1997, 38, 2077-2080. 
72. A. Arnone, G. Nasini, O. Vajna de Pava, J. Chem. Soc. Perkin Trans. 1 1993, 2723-2725. 
73. H. Akasaka, Y. Shiono, T. Murayama, M. Ikeda, Helv. Chim. Acta 2005, 88, 2944-2950. 
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2). Its highly functionalized cyclobutane ring, that encompasses two adjacent quaternary 
carbons, is also structurally remarkable and a motif rarely encountered in nature.74  
 
Figure 1. Natural products isolated from Lactarius repraesentaneus fungus. 
 
Figure 2. Natural products bearing a decahydrocyclobuta[a]pentalene skeleton. 
The uncommon 4/5/5-fused tricyclic carbon skeleton of repraesentin F is presumably 
biosynthesized from farnesyl diphosphate (FPP) by enzymatic diphosphate (OPP) 
abstraction that triggers multistep cyclizations via cationic intermediates to afford a 
protoilludane structure. 75  Subsequently, this protoilludane intermediate undergoes 
hydride shift, alkyl rearrangement and final oxidations to yield repraesentin F (Scheme 
1).68 Related biosynthethic pathways have been suggested for sulcatine G, although both 
																																								 																				
74. For other examples of natural products containing cyclobutanes with adjacent quaternary carbons, see: 
(a) M. Miesch, Curr. Org. Synth. 2006, 3, 327-340. (b) F. Le Bideau, M. Kousara, L. Chen, L. Wei, F. 
Dumas, Chem. Rev. 2017, 117, 6110-6159. (c) Solanoeclepin A: H. Schenk, R. A. J. Driessen, R. de 
Gelder, K. Goubitz, H. Nieboer, I. E. M. Bruggemann-Rotgans, P. Diepenhorst, Croat. Chem. Acta 1999, 
72, 593-606. (d) Solanascone: T. Fujimori, R. Kasuga, H. Kaneko, S. Sakamura, M. Noguchi, A. 
Furusaki, N. Hashiba, T. Matsumoto, J. Chem. Soc., Chem. Commun. 1978, 563-564.  
75. For biosynthetic studies of repraesentin F, its protoilludane intermediate and related products, see: (a) G. 
Vidari, P. Vita-Finzi, Metabolites of the genus Lactarius (Basidiomycetes): Chemistry and Biological 
Activities in Structure and Chemistry (Part D) of the Series Studies in Natural Product Chemistry. Atta-
ur-Rahman Ed., Vol. 17, p. 153-206. Esevier; Amsterdam, 1995. (b) G. Vidari, L. Garlaschelli, A. 
Rossi, P. Vita-Finzi, Tetrahedron Lett. 1998, 39, 1957-1960. (c) P. Rabe, J. Rinkel, B. Nubbemeyer, T. 
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natural products are isolated from different families of fungus.72 Distinct biosynthetic 
origins are proposed for kelsoene and poduran.76 
 
Scheme 1. Proposed biosynthesis of repraesentin F. 
Whereas the syntheses of structurally related sesquiterpenes kelsoene and sulcatine G, 
have been reported both in racemic77 and enantiopure78 form, there was no total synthesis 
of repraesentin F reported at the outset of our work. Moreover, the absolute configuration 
of repraesentin F had not been substantiated. 
The state-of-the-art in the construction of the decahydrocyclobuta[a]pentalene skeleton 
will be reviewed with some selected examples on the total syntheses of kelsoene and 
sulcatine G.  
The first total synthesis of (±)-kelsoene77a,b starts with the oxidation of cyclo-octa-1,5-
diene using PdCl2-Pb(OAc)4 in acetic acid to give 2,6-diacetoxybiciclo[3.3.0]octane. 
Hydrolysis of the esters and subsequent oxidation of the secondary alcohols with PCC 
gave dione 1. Selective mono-methylenation of 1 through controlled Wittig reaction, 
followed by catalytic hydrogenation of the resulting alkene with Pd/C led to compound 2 
as the major diastereomer. The trimethylsilylenol ether derived from 2 was subjected to a 
Pd(II)-mediated dehydrogenation and subsequent alkylative enone transposition via 
addition of methyl lithium and PCC oxidation to give 3. [2+2]-Photocycloaddition of 3 
with trans-1,2-dichloroethylene led to the formation of the corresponding tricyclic 
product with the required syn, anti, syn ring fusions. Protection of the ketone as a cyclic 
																																								 																				
76. (a) J. Rinkel, L. Lauterbach, J. S. Dickschat, Angew. Chem. Int. Ed. 2017, 56, 16385-16389. (b) R. D. 
Kersten, S. Lee, D. Fujita, T. Pluskal, S. Kram, J. E. Smith, T. Iwai, J. P. Noel, M. Fujita, J.-K. Weng, J. 
Am. Chem. Soc. 2017, 139, 16838-16844. 
77. For the synthesis of racemic kelsoene, see: (a) G. Mehta, K. Srinivas, Synlett 1999, 5, 555-556. (b) G. 
Mehta, K. Srinivas, Tetrahedron Lett. 1999, 40, 4877-4880. (c) E. Piers, A. Orellana, Synthesis 2001, 
14, 2138-2142. (d) L. Zhang, M. Koreeda, Org. Lett. 2002, 4, 3755-3758. (e) T. Bach, A. Spiegel, 
Synlett 2002, 8, 1305-1307. For the synthesis of racemic sulcatine G, see: (f) G. Mehta, K. Srinivas, 
Chem. Commun. 2001, 1892-1893. 
78. For the synthesis of enantiopure kelsoene, see: (a) G. Mehta, K. Srinivas, Tetrahedron Lett. 2001, 42, 
2855-2857. (b) S. Fietz-Razavian, S. Schulz, I. Dix, P. G. Jones, Chem. Commun. 2001, 2154-2155. For 
the synthesis of enantiopure sulcatine G, see: (c) G. Mehta, K. Srinivas, Tetrahedron Lett. 2002, 43, 
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acetal was necessary for the reductive dehalogenation with sodium naphthalenide to give 
the corresponding cyclobutene. Afterwards, the ketone was deprotected under acidic 
conditions with amberlyst-15 and was transformed into the corresponding vinyl ether via 
Wittig olefination. Hydrolysis of the vinyl ether under acidic conditions using HClO4 
afforded the corresponding aldehyde in 4. Addition of methyl lithium, followed by PCC 
oxidation, gave the corresponding ketone and the double bond of the cyclobutene ring 
was hydrogenated using Pd/C and hydrogen. A final Wittig olefination gave the natural 
product (±)-kelsoene (Scheme 2).  
 
Scheme 2. First total synthesis of (±)-kelsoene. 
The same strategy was employed for the synthesis of (+)-kelsoene starting from 
enantiopure 1 obtained via enzymatic separation of the racemate.78a The same approach 
was used for the construction of the tricyclic skeleton in the racemic and enantioselective 
synthesis of sulcatine G.77f,78c  
The latest synthesis of (±)-kelsoene77e relied on a Cu-catalyzed [2+2]-photocycloaddition 
reaction of diene 5 to afford the tricyclic scaffold of the molecule (6) as a mixture of 
diastereoisomers (Scheme 3). 
 
Scheme 3. Latest approach for the synthesis of (±)-kelsoene. 
The shortest synthesis of (+)-sulcatine G was achieved in 14 steps,78d and features a Rh-
mediated intramolecular C-H insertion of diazo-compound 7 to construct 8, bearing the 
first ring of the skeleton. The cyclobutane was formed from 8 via an intramolecular 
1. PdCl2, Pb(OAc)4, 
    AcOH 
2. KOH/MeOH
3. PCC
1. MePPh3I, KOtBu, Et2O
2. H2, Pd/C, EtOAc
1. trans-1,2-dichloro-
    ethylene, benzene, hυ
2. (CH2OH)2, PTSA, benzene, 
3. Sodium naphthalenide, 
    DME
4. Amberlyst-15, acetone
5. MeOCH2PPh3Cl, 




3. H2, Pd/C, EtOAc
4. MePPh3I, 
    KOtBu, Et2O
1. LiHMDS, TMSCl, 
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enolate alkylation (Br- as the leaving group). The tricyclic scaffold was completed by a 
Trost annulation under Pd-catalysis to give 10 (Scheme 4). 
 
Scheme 4. Shortest total synthesis of (+)-sulcatine G. 
Gold(I) Catalysis in Total Synthesis of Natural Products 
Gold(I)-catalysis has proved to be a powerful synthetic tool for the construction of 
complex molecular architectures from simple substrates, due to the ability of gold(I) to 
selectively activate π–bonds in polyfunctional molecules. Its efficiency to readily build 
polycycles has attracted the attention towards its application in natural product synthesis. 
The mild conditions normally required for the gold(I)-catalyzed reactions together with 
the outstanding stability of gold catalysts to moisture and air are also important reasons 
for the expansion of the implementation of gold-catalyzed transformations in total 
synthesis of natural products. 
A significant contribution to this area has been made by our group in the last decade, 
accomplishing a number of total synthesis of natural products featuring gold(I)-catalyzed 
transformations as key steps. The first molecule of this journey was (+)-orientalol F,79 
followed by (-)-englerins A and B,80 all of them with a common oxatricyclic skeleton 
that was prepared by successful implementation of a stereoselective gold(I)-catalyzed 
formal [2+2+2] cycloaddition reaction. Since then, different and diverse gold(I)-
catalyzed transformations have been applied. The key step for the synthesis of (-)-
nardoaristolone relied on a gold(I)-catalyzed oxidative cyclization of a 1,5-enyne using 
3,5-dichloropyridine N-oxide as external oxidant.81 The access of (+)-rumphellaone A 
and (+)-hushinone was enabled by a gold(I)-catalyzed enantioselective intermolecular 
[2+2] cycloaddition reaction of alkynes and alkenes using chiral gold(I) catalysts.44c,82 
More recently, the total synthesis of pyrroloazocine indole alkaloids family of natural 
																																								 																				
79. E. Jiménez-Núñez, K. Molawi, A. M. Echavarren, Chem. Commun. 2009, 7327-7329. 
80. K. Molawi, N. Delpont, A. M. Echavarren, Angew. Chem. Int. Ed. 2010, 49, 3517-3519. 
81. A. Homs, M. E. Muratore, A. M. Echavarren, Org. Lett. 2015, 17, 461-463. 
82. For a different approach to access these natural products see: B. Ranieri, C. Obradors, M. Mato, A. M. 
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products, including (-)-lundurines A-C,83 (+)-grandilodines A-C,84 (+)-lapidilectines A-
B,84 (-)-lapidilectam84 and (+)-isolapidilectine A,84 was achieved via 
condensation/Claisen rearrangement followed by gold(I)-catalyzed intramolecular 
hydroarylation to form the central 8-membered ring of these molecules (Figure 3). 
 
Figure 3. Selected total syntheses reported by our group using gold(I)-catalyzed reactions. 
The implementation of gold(I)-catalyzed cyclization cascades in natural product 
synthesis is highly desirable since it allows access to complex polycycles in a single step. 
Whereas in the case of gold(I)-mediated cyclization cascades few examples feature the 
implementation of Prins reactions as part of the transformation (some of them will be 
reviewed after a brief description of this reaction), the Prins reaction has been widely 
used in the context of total synthesis of natural products.85 
The Prins Reaction 
The original Prins reaction consists of a nucleophilic addition of an alkene or alkyne to 
an acid-activated aldehyde or ketone.86 The outcome of the reaction is highly dependent 
																																								 																				
83. M. S. Kirillova, M. E. Muratore, R. Dorel, A. M. Echavarren, J. Am. Chem. Soc. 2016, 138, 3671-3674. 
84. F. Miloserdov, M. S. Kirillova, M. E. Muratore, A. M. Echavarren, J. Am. Chem. Soc. 2018, 140, 5393-
5400. 
85. For some reviews in this topic see: (a) X. Han, G. Peh, P. E. Floreancig, Eur. J. Org. Chem. 2013, 1193-
1208. (b) S. Yokoshima, Chem. Pharm. Bull. 2013, 61, 251-257. 
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on the reaction conditions. As an example, the reaction of formaldehyde with an alkene 
in the presence of a protic acid and an external nucleophile such as water, gives 1,3-diol 
11. In contrast, under anhydrous conditions the resulting carbocation can lose a proton to 
afford allylic alcohol 12. The use of an excess of formaldehyde together with low 
reaction temperatures allowed the formation of 1,3-dioxane 13 (Scheme 5). The scope of 
the Prins reaction has been broadened significantly in the last years with respect to the 
nature of the unsaturated nucleophiles and the carbonyl electrophiles as well as the acidic 
sources, leading to the development of numerous variations of the original Prins reaction 
that are known as Prins-type reactions.87 
 
Scheme 5. Classical Prins reaction.87  
Prins-Type Reactions in Gold(I)-Catalyzed Cyclization Cascades 
The motifs of the two counterparts needed for the Prins reaction (unsaturated nucleophile 
and carbonyl electrophile) can be recognized in some intermediates generated in gold(I)-
catalyzed cyclization cascades. Prins-type reactions between these two counterparts take 
place to afford the final cyclization products.  
Our group reported the gold(I)-catalyzed cyclization cascade of 1,6-enynes 14 bearing a 
carbonyl group at the alkenyl chain giving oxatricyclic derivatives 15a/15b and 
rearranged carbonyl compounds 16 in a single step (Scheme 6).88  
 
Scheme 6. Gold(I)-catalyzed cyclization of 1,6-enynes 14. 
The proposed mechanism leading to oxatricyclic derivatives 15a/15b suggests the 
opening of the cyclopropyl gold(I) carbene intermediate I by the pendant carbonyl group 
																																								 																				
87. I. M. Pastor, M. Yus, Curr. Org. Chem. 2012, 16, 1277-1312. 
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(on the alkenyl chain), that acts as an internal nucleophile, leading to alkenyl gold 
intermediates II bearing an oxonium cation. The alkenyl gold and the oxonium cation 
can be recognized as the unsaturated nucleophile and carbonyl electrophile necessary for 
the Prins reaction. Indeed, intermediates II undergo an intramolecular Prins reaction to 
give IIIa, which after demetalation afford the oxatricyclic products 15a. Fragmentation 
of the seven-membered ring in IIIa gives IV, which upon demetalation yield rearranged 
carbonyl compounds 16. Epimers 15b are formed as minor products by a competitive 2-
oxonia-Cope rearrangement89 via IV and IIIb (Scheme 7). 
 
Scheme 7. Proposed mechanism for the gold(I)-catalyzed cyclization cascade of 1,6-enynes 14. 
This cascade reaction was successfully employed in the one-step construction of the 
tricyclic skeleton of the natural products (+)-orientalol F79 and (-)-englerins A and B 
(Figure 3).80  
A similar Prins-type reaction was observed in the gold(I)-catalyzed cyclization cascade 
of 1,6-enynes bearing vinyl cyclopropanes 17 to afford mixtures of anti- and syn-
tricyclic products 18a and 18b with an octahydrocyclobuta[a]pentalene scaffold. 
Cyclobutanone products 19a and 19b were also formed in minor amounts (Scheme 
8).88,90 The 18a:18b ratio varied significantly depending on the catalyst used, the amount 
of water present in the reaction and the addition of acidic additives such as NH4Cl, which 
can tune the formation of one isomer over the other. Selected examples that illustrate the 
																																								 																				
89. (a) S. D. Rychnovsky, S. Marumoto, J. J. Jaber, Org. Lett. 2001, 3, 3815-3818. (b) R. W. Alder, J. N. 
Harvey, M. T. Oakley, J. Am. Chem. Soc. 2002, 124, 4960-4961. (c) L. E. Overman, L. D. Pennington, J. 
Org. Chem. 2003, 68, 7143-7157. (d) R. Jasti, C. D. Anderson, S. D. Rychnovsky, J. Am. Chem. Soc. 
2005, 127, 9939-9945. 
90. For cyclizations of cyclopropylenynes catalyzed by other metals see: Ru(II) (a) B. M. Trost, F. D. Toste, 
H. Shen, J. Am. Chem. Soc. 2000, 122, 2379-2380. (b) B. M. Trost, H. C. Shen, D. B. Horne, F. D. 
Toste, B. G. Steinmetz, C. Korandin, Chem. Eur. J. 2005, 11, 2577-2590. Rh(I) (c) P. A. Wender, H. 
Takahashi, B. Witulski, J. Am. Chem. Soc. 1995, 117, 4720-4721. (d) Z.-X. Yu, P. A. Wender, K. N. 
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variability of the 18a:18b ratio with the reaction contions employed are shown in Table 
I1.  
 
Scheme 8. Gold(I)-catalyzed cyclization of 1,6-enynes 17. 













Product (ratio)  
1a  A 5 min 88 18a/18b (1:1) 
2b  A 5 min 81 18a/18b (1:8) 
3b,c  A 5 min 93 18a/18b (1:1) 
4b,d AuCl 24 h 80e 18a/18b (30:1)e 
a Reaction with » 2 ppm water. b Reaction with 3-5 mol% water. c Reaction with 2 
equiv NH4Cl. d Reaction at 0 ºC. e Determined by 1H NMR spectroscopic analysis. 
 
Although the strong variability of the outcome of the reaction regarding the reaction 
conditions employed illustrates a more complex reaction mechanism, a general 
mechanism is proposed in Scheme 9. The gold(I)-catalyzed 5-exo-dig cyclization of 1,6-
enynes 17 leads to cyclopropyl gold carbene intermediates V, which are in equilibrium 
with the cyclopropyl stabilized cations VI. A concerted pathway was suggested with 
AuCl as catalyst, in which intermediates V undergo a ring expansion to form alkenyl 
gold complexes VIIa bearing an oxonium cation. The alkenyl gold complex and 
oxonium cation moieties in VIIa partake in a Prins reaction to form VIIIa, which upon 
demetalation give tricyclic products 18a. This pathway could explain the higher 
selectivity obtained with AuCl. 
Z
17
[LAuL’]X or AuCl (3 mol%)
 CH2Cl2, 23 ºC
OEt
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On the other hand, cationic gold(I) complexes presumably favor a non-concerted reaction 
through cyclopropyl-stabilized cation VI that is able to rotate.60,91 Ring expansion of VI 
affords mixtures of alkenyl gold intermediates VIIa and VIIb, which undergo Prins 
reaction and demetalation to give tricyclic products 19a and 19b. This non-stereospecific 
reaction could explain the lower selectivity obtained with cationic gold(I) catalysts. The 
dependence of the stereochemical outcome on the amount of water in the reaction92 
prevents us from ruling out a reaction pathway in which cyclopropyl gold carbene 
intermediate V is opened by water to form an alcohol that undergoes a pinacol-type ring-
expansion. This would result in an overall retention of the configuration to form 
intermediates VIIb. Cyclobutanones 19a and 19b, obtained as minor products, could be 
formed by demetalation and elimination of the ethyl group in intermediates VIIa and 
VIIb.93 
 







91. J. Casanova, D. R. Kent, W. A. Goddard, J. D. Roberts, Proc. Natl. Acad. Sci. U.S.A. 2003, 100, 15-19. 
92. Cationic gold(I) complexes in the presence of 3-5 mol% of water led to increased selectivity towards the 
syn isomer 18b. 
93. For an example of the gold(I)-catalyzed ring expansion of alkynylcyclopropanols see: J. P. Markham, S. 
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Objectives 
Inspired by the straightforward access of the 4/5/5-fused tricyclic 
octahydrocyclobuta[a]pentalene scaffold through the gold(I)-catalyzed cyclization 
cascade of 1,6-enynes bearing vinyl cyclopropanes,88 we aimed to develop the first total 
synthesis of repraesentin F (Figure 4) through a diastereoselective gold(I)-catalyzed 
cyclization cascade involving a tandem gold(I)-catalyzed enyne cyclization/ring 
expansion/Prins cyclization of the appropriate cyclopropylenyne substrate. 
 
Figure 4. Proposed structure for repraesentin F.68  
We envisioned to study the enantioselective version of the aforementioned cascade 
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Results and Discussion 
On the basis of the preliminary work presented earlier, one of the main challenges we 
had to address was the development of a diastereoselective gold(I)-catalyzed cyclization 
cascade of 1,6-enynes bearing vinyl cyclopropanes, to form the desired tricyclic 
decahydrocyclobuta[a]pentalene scaffold with anti-ring fusion corresponding to the 
skeleton of the natural product repraesentin F. 
Preliminary Studies94 
In order to obtain the 4/5/5-fused tricyclic skeleton of repraesentin F with the 
corresponding substituents in place, slight modifications of the abovementioned 
cyclopropyl enynes (see Scheme 8) should be implemented. These modifications affect, 
as highlighted in Scheme 10, the substitution pattern of the alkene, now bearing a methyl 
group instead of a hydrogen, and TBS ether instead of ethyl ether for an easier 
orthogonal later deprotection. 
 
Scheme 10. Differences between the reported cyclization cascade and our model approach. 
We decided to start our investigations by preparing cyclopropyl enyne 26, bearing a 
terminal alkyne and an E-configured alkene, due to the close similarities with the 
substrate employed in the reported gold(I)-catalyzed cyclization cascade (see Scheme 10).  
The synthesis of cyclopropyl enyne 26 commenced with the coupling of commercially 
available dimethyl 2-(prop-2-yn-1-yl)malonate 23 with allyl carbonate 22 via a Pd-
catalyzed Tsuji-Trost allylic alkylation using NaH and catalytic Pd(PPh3)4 to afford 
enone 24 in 83% yield (Scheme 11).95 
																																								 																				
94. This part was carried out in collaboration with Dr. Tania Jiménez. 
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Scheme 11. Preparation of TBS-enol ether 25. 
Allyl carbonate 22 was prepared in two steps consisting in an initial silver-catalyzed 
incorporation of CO2 into commercially available 3-methylpent-1-en-4-yn-3-ol 20 to 
give cyclic carbonate 21, followed by DMAP-catalyzed nucleophilic opening of the 
carbonate with ethanol (Scheme 12).96 
 
Scheme 12. Synthesis of allyl carbonate 22. 
Enolization of enone 24 using TBSOTf and Et3N yielded TBS-enol ether 25, which was 
stable enough to be purified by column chromatography with Et3N deactivated silica 
(Scheme 11).97  
Interestingly, when we attempted the cyclopropanation of the more electron rich enol 
ether in 25 under a modified Simmons-Smith procedure using Et2Zn and CH2I2, we 
obtained directly tricyclic products 27a/27b in good yields, as a 1:2.5 mixture favoring 
the undesired syn-isomer 27b. Presumably, this transformation proceeds through a 
Zn(II)-promoted cyclopropanation-cyclization cascade. When the reaction was 
performed at -60 ºC, no formation of tricyclic products was observed. Instead, a mixture 
of starting material and cyclopropyl enyne 26 was obtained (Scheme 13). 
																																								 																				
96. (a) W. Yamada, Y. Sugawara, H. M. Cheng, T. Ikeno, T. Yamada, Eur. J. Org. Chem. 2007, 2007, 
2604-2607. (b) N. Della Ca’, B. Gabriele, G. Ruffolo, L. Veltri, T. Zanetta, M. Costa, Adv. Synth. Catal. 
2011, 353, 133-146. (c) J. M. Journier, C. Bruenau, P. H. Dixneuf, Synlett 1992, 453-454. 
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Scheme 13. Simmons-Smith cyclopropanation reaction of 25. 
Reduction of the esters in 27 with LiAlH4 gave diols 27’, which allowed the 
confirmation of the relative configuration of the major product 27b’, and by extension 
that of 27b, through X-ray crystallography (Figure 5). 
 
Figure 5. X-ray structure of 27b’. 
In order to avoid the uncontrolled direct cyclization of enol ether during the 
cyclopropanation reaction, and with the aim of increasing the yield of cyclopropyl enyne 
26, we decided to protect the terminal alkyne with a TMS group.  
A similar synthetic route was employed, the first step being this time the installation of 
the TMS group at the alkyne terminus by lithiation of the terminal alkyne in 23 with 
LDA and reaction with TMSCl.98 The resulting substituted alkyne 28 was obtained in 
low yield due to the formation of side products arising from deprotonation at the 
malonate position. Alkyne 28 was then engaged in the Pd-catalyzed Tsuji-Trost coupling 
with 22 to give enone 29 in moderate yield, followed by formation of the TBS enol ether 
30 and cyclopropanation to afford cyclopropyl enyne 31.	 The TMS group was then 
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removed in methanolic K2CO3 to give the cyclization precursor 26 in good yield 
(Scheme 14).99 
 
Scheme 14. Preparation of cyclopropyl enyne 26. 
With cyclopropyl enyne 26 in hand, we performed the gold(I)-catalyzed reaction using 
JohnPhos gold(I) catalyst A. Interestingly no formation of the expected tricyclic products 
27a/27b (see Scheme 13) was observed. Instead, cyclobutanones 32a/32b were obtained 
in a low 29% isolated yield and in 1:5.5 ratio favoring the syn-isomer (Scheme 15). 
Cyclobutanones were also formed in the reported gold(I)-catalyzed cyclization cascade,88 
but only as minor products (see Scheme 8). These results illustrated the notable influence 
of the substitution pattern of the cyclopropyl enyne on the reactivity and 
diastereoselectivity towards the gold(I)-catalyzed cascade reaction. The formation of 
cyclobutanones can be explained by the elimination of the TBS group in the oxonium 
cation and protodemetalation prior to Prins-type cyclization between the alkenyl gold 
and the oxonium cation (see detailed mechanism in Scheme 9). 
The modest selectivities obtained in the formation of cyclobutanones, favoring the syn-
isomer from the E-configured cyclopropyl enyne 26, led us to consider the influence of 
the configuration of the alkene on the diastereoselectivity of the reaction. Thus, we 
examined the selectivities of the gold(I)-catalyzed cyclization cascade of substrates 




99. B. H. Lipshutz, B. Amorelli, J. Am. Chem. Soc. 2009, 131, 1396-1397. 
NH(iPr)2, nBuLi,
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Scheme 15. Gold(I)-catalyzed cyclization of cyclopropyl enyne 26. 
 
Scheme 16. New approach towards anti-fused compounds. 
The synthetic route employed for the preparation of E-configured cyclopropyl enynes 
was not applicable to the obtention of Z-cyclopropyl enynes. Therefore, we developed a 
new synthesis of Z-configured cyclopropyl enynes. First, malonate 35 was prepared by 
alkylation of commercially available dimethyl malonate 33 with 2-
bromodimethoxyethane 34 using NaH as base in DMF at 100 ºC.100 Then, malonate 35 
was alkylated with propargyl bromide to afford 36 in 58% isolated yield. Subsequent 
hydrolysis of the dimethyl acetal under acidic conditions using PTSA in a mixture of 
acetone and water led to the formation of aldehyde 37 in good yield (Scheme 17). At this 
stage, the synthesis of the Z-configured enone was carried out via the Still-Gennari Z-
selective variant of the Horner-Wadsworth-Emmons olefination.97,101 The Olefination of 
37 was performed with phosphonate 43 under basic conditions and low temperature to 
give Z-unsaturated ketone 38 with moderate yield (65%) and stereoselectivity (3-5:1 Z:E 
ratio). Reaction of enone 38 with TBSOTf and Et3N afforded enol ether 39 (Scheme 17). 
Phosphonate 43, required for the Still-Gennari olefination, was prepared from bis(2,2,2-
																																								 																				
100. R. Shitani, K. Okamoto, Y. Otomaru, K. Ueyama, T. Hayashi, J. Am. Chem. Soc. 2005, 127, 54-55. 
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trifluoroethyl)methylphosphonate in two steps including lithiation/acylation with acetyl 
chloride and alkylation with NaH and MeI.102 The resulting phosphonate 43 was obtained 
together with dimethylated product 44 as an inseparable mixture in 26% yield, which 
was used in the Z-selective HWE olefination without further purification (Scheme 18). 
 
Scheme 17. Preparation of silylenol ether 39. 
 
Scheme 18. Synthesis of phosphonate 43 for the Z-selective HWE olefination. 
The enol ether 39 was subjected to the Simmons-Smith cyclopropanation reaction using 
ZnEt2 and CH2I2. As previously observed with the E-configured enol ether, tricyclic 
products 27a/27b were obtained under the conditions of the cyclopropanation reaction 
through a Zn-promoted cyclopropanation-cyclization reaction, albeit in this case in very 
low yields and along with the cyclopropanated product 40, also formed with poor yields. 
Remarkably, in this case, the tricyclic structures 27a:27b were obtained as a 3.3:1 
mixture in favor of the desired anti-isomer 27a (Scheme 19). Despite extensive efforts, a 
high yielding direct conversion of 39 into tricyclic compounds 27 could not be achieved. 
Thus, we focused our attention on optimizing the conditions towards the synthesis of 40. 
																																								 																				
102. (a) W. Yu, M. Su, Z. Jin, Tetrahedron 1999, 40, 6725-6728. (b) L. Jiao, C. Yuan, Z.-X. Yu, J. Am. 
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Scheme 19. Cyclopropanation of enol ether 39. 
In order to increase the yield of cyclopropane 40, the TMS-substituted alkyne was 
prepared to avoid the direct cyclization of the enol ether in the course of 
cyclopropanation step.  
A synthetic route identical to that of 40 was employed, differing only by the use of TMS-
protected propargyl bromide in the second step. Malonate 35 was alkylated under basic 
conditions with (3-bromoprop-1-ynyl)trimethylsilane to yield TMS-substituted propargyl 
malonate 45 in 81% yield. Alkyne 45 was subjected to hydrolysis of dimethyl acetal 
moiety under acidic conditions to afford aldehyde 46. Subsequent Still-Gennari Z-
selective olefination was performed with phosphonate 43 to obtain enone 47 in good 
yields as an inseparable 6:1 mixture of Z:E isomers. Formation of the TBS-enol ether 
followed by cyclopropanation gave, as expected, cyclopropyl enyne 49 in a high 89% 
chemical yield. Subsequent removal of the TMS group was achieved employing 
potassium carbonate in methanol to give the cyclization precursor 40 as an inseparable 
6:1 mixture of Z:E isomers (Scheme 20). 
Substrate 40 was subjected to the key gold(I)-catalyzed cyclization with various cationic 
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Scheme 20. Optimized synthesis of cyclopropyl enyne 40. 















1a A 24 37 5.5:1 
2a F 24 66 5.5:1 
3b H 4 78d 5:1 
a Cyclopropyl enyne 40 with a 6:1 Z:E ratio. b Cyclopropyl enyne 40 with a 14:1 Z:E 
ratio (obtained after several column chromatography purifications). c Isolated yields 
for the mixture 32a + 32b. d 17% isolated yield of mixture 27a + 27b (10:1 
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The gold(I)-catalyzed cyclization cascade of 40 afforded in all cases cyclobutanones 
32a/32b as the major products, the formation of the desired anti-isomer 32a being 
prevalent. JohnPhos gold(I) catalyst A and NHC complex F gave only traces of tricyclic 
compounds 27a/27b, and moderate yields of cyclobutanones 32a/32b (37% and 66% 
respectively) with a 5.5:1 ratio 32a:32b in both cases (Table 1, entries 1 and 2). The best 
yield of cyclobutanones 32a + 32b was obtained with highly electrophilic phosphite 
gold(I) catalyst H (78% yield), with a 5:1 ratio 32a:32b (Table 1, entry 3). Interestingly, 
in this case, the tricyclic product 27 was obtained in 17% yield and 10:1 ratio 27a:27b. 
However, the yield of 27 could not be further improved.  
Extensive efforts were made with the aim of cyclizing cyclobutanones 32 to tricyclic 
compounds 58 without success (Table 2).  









1 SmI2 recovered starting material 
2 H2SO4 recovered starting material 
3 Er(OTf)3 recovered starting material 
4 BBr3 recovered starting material 
5 SnCl4 decomposition 
 
The radical-mediated cyclization of cyclobutanones 32 was attempted with SmI2,103 but 
only starting material was observed. Brønsted acid catalyzed Prins-type cyclization 
reaction using H2SO4 104  and Lewis acid-catalyzed Prins-type reaction employing 
Er(OTf)3,105 BBr3 or SnCl4 were evaluated without success, obtaining starting material or 
decomposition in all cases.  
These results indicated that the use of Z-configured cyclopropyl enynes in the gold(I)-
catalyzed cyclization cascade was crucial in order to obtain preferentially the anti-
tricyclic products 27a or anti-cyclobutanones 32a. However, cyclopropyl enyne 40 
featuring a terminal alkyne was not a suitable precursor for the efficient formation of 
																																								 																				
103. (a) G. A. Molander, J. A. McKie, J. Org. Chem. 1992, 57, 3132-3139. (b) D. V. Sadasivam, P. K. S. 
Antharjanam, E. Prasad, R. A. Flowers, J. Am. Chem. Soc. 2008, 130, 7228-7229. 
104. T. Kawanobe, K. Kogami, K. Hayashi, M. Matsui, Agric. Biol. Chem. 1984, 48, 461-464. 
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tricycle 27. Hence, we turned our attention to the study of the effect of the substituent at 
the alkyne terminus of the cyclopropyl enyne on the reactivity and diastereoselectivity of 
the gold(I)-catalyzed cascade reaction. Various Z-configured cyclopropyl enyne 
substrates with different substituents at the distal alkyne carbon were prepared and their 
reactivity under gold(I)-catalysis was surveyed (Scheme 21). 
 
Scheme 21. General approach to anti-tricyclic products. 
First, we decided to synthesize a cyclopropyl enyne substrate bearing a Br-substituted 
alkyne. We chose Br as the alkyne substitution seeking a more facile cyclization of Br-
substituted cyclobutanones to tricyclic products via a Nozaki-Hiyama-Kishi reaction, in 
the eventuality of an interrupted gold(I)-catalyzed cyclization (Scheme 22). 
 
Scheme 22. Model stepwise access to anti-tricyclic products. 
The synthesis of cyclopropyl enyne 54 bearing a Br-substituted alkyne commenced from 
previously prepared malonate 36 (see Scheme 17). Bromination of the terminal alkyne in 
36 was carried out using NBS and AgNO3.106 The corresponding brominated product 50 
was used in the next step without further purification. Partial hydrolysis of dimethyl 
acetal moiety was also observed at this stage. Thus, complete hydrolysis was carried out 
under acidic conditions in a water/acetone mixture to afford aldehyde 51 in 60% yield 
over two steps. Aldehyde 51 was subjected to Still-Gennari Z-selective olefination with 
phosphonate 43 to afford enone 52 in good yield and 3:1 Z:E ratio. Subsequent 
enolization of enone 52 afforded enol ether 53, which was engaged in a Simmons-Smith 
cyclopropanation to give cyclization precursor 54 in good yield and 3:1 Z:E ratio 
(Scheme 23). 
Cyclopropyl enyne 54 was subjected to the key cyclization step with various cationic 
gold(I) and Zn(II) catalysts. The results are presented in Table 3. 
 
																																								 																				
106. J. Wang, S. Yanfei, S. Kessel, P. Fernandes, K. Yoshida, S. Yagi, D. G. Kurth, H. Möhwald, T. 
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Scheme 23. Synthesis of cyclopropyl enyne 54. 
The desired tricyclic products 56 were not observed in any experiment. Instead, 
cyclobutanones 55 were obtained, the anti-isomer 55a being the major product in all 
cases. The use of JohnPhos gold(I) catalyst A afforded cyclobutanones 55a/55b in 50% 
yield and 3:1 55a:55b ratio (Table 3, entry 1). Increasing the temperature to 60 ºC 
allowed complete conversion although the ratio 55a:55b decreased to 2.5:1 (Table 3, 
entry 2). Highly electrophilic phosphite gold(I) complex H gave cyclobutanones 55a/55b 
in low 33% yield and 1.8:1 ratio 55a:55b (Table 3, entry 3). A better result was obtained 
with NHC complex F’, which afforded cyclobutanones 55a/55b in 50% yield and 3:1 
55a:55b ratio (Table 3, entry 4). In contrast, NHC catalyst J led to poor yields of 
cyclobutanones 55a/55b (Table 3, entry 5), that could be increased by changing the 
solvent to 1,2-DCE and heating to 110 ºC, although the 55a/55b ratio was decreased to 
2.4:1 (Table 3, entry 6).  
The presence of traces of water in the reaction mixture when NHC complex F was used 
led to 73% yield and maintained the 3:1 ratio 55a:55b (Table 3, entry 7). Addition of 1 
or 3 equivalents of water was detrimental for the yield, decreasing to 57% and 47% 
respectively and lowering the 55a:55b ratio to 2.5-2.4:1 (Table 3, entries 8 and 10). 
Heating the reaction to 100 ºC in the presence of catalyst F and ppm of water decreased 
the yield to 63% and the 55a:55b ratio to 1:1.9 (Table 3, entry 11). 
When Zn(OTf)2 was used as catalyst in the cyclization cascade, no formation of 
cyclobutanones 55 or tricyclic products 56 was detected (Table 3, entry 12). Instead, 
partial removal of the TBS group in 54 was observed, affording cyclopropanol 57 in 37% 
yield. The reactivity of this alcohol in the gold(I)-catalyzed cyclization was examined 
employing catalyst A, giving cyclobutanones 55a/55b in a 3:1 ratio favoring the syn-
isomer 55a (Scheme 24). 
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1b A 24 25 0 85 50 3:1 
2b A 12 60 0 100 50 2.5:1 
3b H 24 25 0 45 33 1.8:1 
4b F’ 24 25 0 nde 50 3:1 
5b J 24 25 0 58 20 3:1 
6c J 24 110 0 nde 50 2.4:1 
7b F 21 25 ppm 81 73 3:1 
8b F 17 25 1 100 57 2.5:1 
9c F 2 110d 0 nde 42 2.5:1 
10c F 3 25 3 100 47 2.4:1 
11c F 3.5 100 ppm 100 63 1.9:1 
12b Zn(OTf)2 24 25 0 nd - - 
a Cyclopropyl enyne 54 with a 3:1 Z:E ratio. b CH2Cl2 as solvent. c 1,2-DCE as solvent. d Reaction 
heated using MW. e Starting material observed but not quantified. f Isolated yields for the mixture 
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Scheme 24. Reaction of 54 with Zn(OTf)2 and further reaction with gold(I) catalyst A. 
DFT calculations (B3LYP, 6-31G(d) (C, H, O, P) and SDD (Au, Br), SMD = CH2Cl2) 
were performed in order to clarify the actual mechanism of the gold(I)-catalyzed 
cyclization cascade and the stereochemical outcome of this reaction, using a simplified 
substrate (TMS instead of TBS) and L = PMe3 (Scheme 25).   
The reaction most likely proceeds by activation of the alkyne by gold to give IX and 
subsequent enyne cyclization to afford intermediate X, which then engages in the ring 
expansion. The energy barrier for the formation of the anti cyclobutanone XIa via ring 
opening is 0.1 kcal/mol lower than the energy barrier for the obtention of the syn 
cyclobutanone XIb, which indicates that the preference for the formation of the anti 
cyclobutanone XIa is minimal. The anti cyclobutanone XIa is 1.3 kcal/mol more stable 
than the syn cyclobutanone XIb. At this stage, cyclobutanones should undergo a Prins-
type cyclization to afford the tricyclic products XIIa/b. However, very high energy 
barriers were computed for the Prins cyclization (25.7 and 28.4 kcal/mol respectively) 
for both syn and anti cyclobutanones, indicating that this transformation is very 
demanding, presumably due to the increase in ring strain while forging the fully 
substituted carbon center at the cyclopentane/cyclobutane ring junction. These high 
energies suggest that the Prins cyclization is unlikely from cyclobutanone intermediates 
XIa/XIb, which would preferentially undergo protodeauration and TMS removal to give 
cyclobutanones 55a/55b, according to the experimental observations. The calculations 
are in general agreement with the experimental results showing the formation of 
cyclobutanones 55a/55b, with a prevailing trans cyclobutanone, as final products. 
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Scheme 25. Study of the gold(I)-cyclization cascade mechanism through DFT calculations. Free 
energies are given in kcal/mol. 
With these results in hand, and due to the difficulty in obtaining the tricyclic products 
directly through the gold(I)-catalyzed cyclization cascade of cyclopropyl enyne 54, we 
decided to study the access to the desired tricyclic compounds from cyclobutanones 
55a/55b via Nozaki-Hiyama-Kishi (NHK) reaction. 107  This transformation employs 
chromium(II) and nickel(II) chloride as cyclization promoters. Classical NHK conditions 
(excess CrCl2) were applied to cyclobutanones 55a/55b (3:1 ratio) to give tricyclic 
products 58a/58b, albeit in low 36% yield and 1.2:1 ratio 58a/58b favoring the desired 
anti-isomer (Scheme 26). Cyclobutanones 32a/32b were also formed in 18% yield and 
4:1 ratio 32a:32b, arising from hydrolysis of the organonickel or organochromium 
species (59a/59b or 59’a/59’b respectively) prior to reaction with the cyclobutanone 
moiety (Scheme 26). 
																																								 																				
107. (a) Y. Okude, S. Hirano, T. Hiyama, H. Nozaki,	 J. Am. Chem. Soc. 1977, 99, 3179-3181. (b) H. Jin, J. 
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Scheme 26. Nozaki-Hiyama-Kishi reaction of cyclobutanones 55 and mechanism. 
The catalytic version of the NHK reaction, employing catalytic CrCl2 and Mn as 
reductant gave also the tricyclic products 58a/58b in low yield (26%) and 1.2:1 58a:58b 
ratio, along with cyclobutanones 32a/32b (Scheme 27).108  
Although this approach constitutes a route for the construction of the 
decahydrocyclobuta[a]pentalene skeleton of the natural product repraesentin F, the low 
yields obtained in the NHK coupling make this procedure unpractical for further 
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Scheme 27. Catalytic Nozaki-Hiyama-Kishi reaction of cyclobutanones 55 and mechanism. 
Construction of the Octahydrocyclobuta[a]pentalene Skeleton 
Next, we decided to synthesize a cyclopropyl enyne substrate bearing an acetyl 
substituent at the alkyne terminus. We chose this substituent because it is also present in 
the natural product repraesentin F, and if the corresponding tricyclic product was 
obtained through the gold(I)-catalyzed cyclization cascade, the acetyl group would be 
suitably positioned matching the natural product scaffold (Scheme 28). Moreover, the 
presence of a more electron-withdrawing acetyl group at the terminal alkyne than the 
bromine atom used previously would be probably advantageous. 
 
Scheme 28. New approach towards the synthesis of repraesentin F. 
Taking advantage of the already prepared bromo-cyclopropyl enyne substrate 54, the 
acetyl substituted cyclopropyl enyne 60 was synthesized from 54 via halogen-lithium 
exchange followed by acetylation with acetic anhydride. Employing this approach, 60 
was isolated in low yield and stereoselectivity (3:1 Z:E) (Scheme 29). 
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Scheme 29. Preparation of cyclopropyl enyne 60. 
Thus, we envisaged a more convenient preparation of 60 from cyclopropyl enyne 40, 
whose synthesis was previously optimized (see Scheme 20). Direct deprotonation of the 
terminal alkyne with nBuLi at -78 ºC, followed by reaction of the acetonide with acetic 
anhydride, led to product 60 in 71% yield and 6:1 Z:E ratio (Scheme 30). 
 
Scheme 30. Optimized preparation of cyclopropyl enyne 60. 
When cyclopropyl enyne substrate 60 was subjected to reaction with JohnPhos gold(I) 
catalyst A, we were pleased to observe the direct formation of tricyclic products 61a/61b 
in a 5.4:1 ratio, the desired anti-fused compound 61a being the major product of the 
reaction (Scheme 31). Compound 62 was also obtained in 13% yield and its structure 
was confirmed by X-ray analysis (Figure 6). This secondary product arises from 61a or 
61b through the formation of allyl cation XIII, followed by proton-loss and cyclobutane 
to cyclopropane rearrangement (Scheme 31). Interestingly, no cyclobutanone product 
was observed, illustrating the dramatic influence of the alkyne substituent on the 
outcome of the reaction. 
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Figure 6. X-ray structure of 62. 
Catalyst Screening 
With these results in hand, a number of gold(I) catalysts were examined for the 
cyclization cascade of substrate 60 (Table 4). 
Table 4. Catalyst screening for the gold-catalyzed cyclization of 60. 
 
Entry Catalyst Conversion (%) 61a 
Yield (%)a 
Ratio 61a:61bc 62 
Yield (%)a 
1 A 100 38 (37)b 5.4:1 13 
2 B 98 38 (33)b 6:1 16 
3 C 100 45 (45)b 5.6:1 10 
4 D 100 40 (47)b 6.7:1 12 
5 E 97 52 (61)b 7.4:1 0 
6 F 99 39 (40)b 5.6:1 13 
7 G 99 43 6.1:1 0 
8 H 98 24 2.4:1 33 
9 I 0 - - - 
a Yields determined by 1H NMR using 1,3,5-tribromobenzene as internal standard. b Isolated 





CH2Cl2 (0.1 M) 
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The use of catalysts B, C or D bearing phosphine ligands and SbF6- as counterion (Table 
4, entries 2, 3 and 4) afforded 61a in 38%, 45% and 40% yield with 6:1, 5.6:1, and 6.7:1 
61a:61b ratios, respectively. In all the three cases, product 62 was observed in 16%, 10% 
and 12% yield, respectively. NHC complex F led to 61a in 39% yield with 5.6:1 61a:61b 
ratio, and 13% of product 62 (Table 4, entry 6). The use of BArF- as counterion appeared 
to be essential to prevent the formation of 62. Treating enyne 60 with complexes E and 
G (Table 4, entries 5 and 7) did not lead to the formation of 62. Using NHC complex G, 
61a was obtained in moderate yield (45%) and with a 5.6:1 61a:61b ratio (Table 1, entry 
7). A better performance was observed with tert-butyl XPhos gold(I) complex E (Table 1, 
entry 5), which gave 61a in 52% yield and an enhanced 7.4:1 61a:61b ratio. 
It is worth mentioning that phosphite gold(I) complex H (Table 4, entry 8) led to 62 as 
the major product and a low 2.4:1 61a:61b ratio. On the other hand, pycolinate gold(III) 
complex I appeared to be unreactive in this transformation (Table 4, entry 9). 
Screening of Lewis and Brønsted Acids 
We considered that the presence of a conjugated carbonyl in 60 would allow Lewis or 
Brønsted acid-catalyzed activation by coordination to the oxygen, leading to a similar 
















A: R = tBu, R’ = R’’ = H
B: R = tBu, R’ = R’’ = iPr
C: R = Cy, R’ = OMe, R’’ = H























F: R = Me, X = SbF6
G: R = Ph, X = BArF
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Scheme 32. Alternative Lewis or Brønsted acid-catalyzed cyclization cascade of 60. 
Thus, a wide variety of typical Lewis and Brønsted acids were explored as catalysts for 
the cyclization (Table 5). 
The use of common Lewis acids such as Sc(OTf)3, Bi(OTf)3, FeCl3 and AgSbF6 (Table 5, 
entries 1, 2, 7 and 22) afforded compound 62 as the major product, which originates from 
61a and 61b as explained in Scheme 31. This proposal was experimentally proved by 
reaction of tricyclic products 61a and 61b with some of these Lewis acids to form 
product 62 cleanly with complete conversion. Products 61a and 61b were also obtained 
in low yields, the formation of the undesired syn ring-fused scaffold 61b being favored 
with these catalysts. Similar results were observed when employing Brønsted acids 
Tf2NH and HSbF6·6H2O (Table 5, entries 24 and 25). Silver catalyst K led to the 
formation of 61a and 61b in low yields in a low 1:1.3 61a:61b ratio (Table 5, entry 21). 
Lewis acids such as YbCl3 or AuCl afforded 1:1 mixtures of 61a and 61b in very low 
yields. 
The formation of desired 61a was favored when using Ba(OTf)2, Cu(OTf)2, ZnCl2, InCl3 
or AlCl3 (Table 5, entries 3, 4, 9, 10, 12), although low yields (3-18%) and low 61a:61b 
ratios (1.1:1-4.5:1) were observed. Interestingly, compound 63 was the major product 
obtained with ZnCl2 (26% yield), which presumably arises from proton elimination and 
protodemetalation in intermediate XIV (Scheme 33). 
The yield of 61a could be slightly increased (20-27%) with Fe(OTf)3, B(C6F5)3 and 
AgBF4 (Table 5, entries 6, 20, 23), although moderate distereoselectivities were obtained 
(1.8:1-4.5:1 61a:61b ratios). On the other hand, Lewis acids such as CuCl2, Zn(OTf)2, 
LaCl3, CeCl3, PtCl2 and Mg(OEt)2 (Table 5, entries 5, 8, 13, 14, 16, and 18) led only to 
partial decomposition of 60 without formation of products 61, 62 or 63. Similar results 
were obtained with GaCl3 and BF3·OEt2 (Table 5, entries 11 and 19), leading mainly to 
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Table 5. Lewis and Brønsted acid catalysts screening for the cyclization cascade of 60. 
 













1 Sc(OTf)3 100 6 1:1.5 42 0 
2 Bi(OTf)3 100 0 -c 30 0 
3 Ba(OTf)2 77 18 4.5:1 0 1 
4 Cu(OTf)2 60 10 1.6:1 0 0 
5 CuCl2 20 0 - 0 0 
6 Fe(OTf)3 96 20 4:1 traces 0 
7 FeCl3 nd nd - major 0 
8 Zn(OTf)2 18 0 - 0 0 
9 ZnCl2 100 16 1.5:1 0 26 
10 InCl3 43 11 1.1:1 traces 0 
11 GaCl3 100 0 -d 0 0 
12 AlCl3 17 3 1.5:1 0 0 
13 LaCl3 9 0 - 0 0 
14 CeCl3 15 0 - 0 0 
15 YbCl3 nd traces 1:1 observed major 
16 PtCl2 26 0 - 0 0 
17 AuCl 57 9 1:1 0 0 
18 Mg(OEt)2 19 0 - 0 0 
19 BF3·OEt2 100 0 - 0 0 
20 B(C6F5)3 78 27 4.5:1 0 6 
21 K 32 6 1:1.3 0 0 
22 AgSbF6 100 3 1:3 40 0 
23 AgBF4 100 24 1.8:1 10 5 
24 Tf2NH 100 0 -e 53 0 
25 HSbF6·6H2O 100 5 1:2.4 56 0 
a Yields determined by 1H NMR using 1,3,5-tribromobenzene as internal standard.               





CH2Cl2 (0.1 M) 
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The results obtained from the screening of various Lewis and Brønsted acids illustrate 
the crucial role of gold(I)-catalysis to successfully develop the demanding cyclization 
cascade of 60 leading to 61a in good yields and diastereoselectivities. The most 
promising results regarding the yield and diastereoselectivity were obtained with gold(I) 
catalyst E (Table 4, entry 5). Thus, we decided to continue optimizing the reaction 
conditions employing this catalyst.  
 
Scheme 33. Formation of 63. 
Solvent Optimization 
The gold(I)-catalyzed cyclization cascade of 60 was carried out with 5 mol% of catalyst 
E at 25 ºC in a wide variety of solvents at 0.1 M concentration. The results are presented 
in Table 6. 
Solvents such as THF, toluene, nitromethane, DMF or acetonitrile (Table 6, entries 3, 7, 
10, 11 and 12) prevented the formation of products 61. Poor yields of 61a (2-37%) were 
obtained with AcOEt, hexafluoro isopropyl alcohol, 1,4-dioxane, 1,2-dimethoxyethane, 
acetone, chloroform, hexane or t-butyl methyl ether (Table 6, entries 4, 9, 13, 14, 15, 16, 
17 and 18). Moderate yields of 61a were observed with 1,2-DCE, that gave desired 61a 
in 45% yield and 6.4:1 ratio 61a:61b, and with benzene and trifluorotoluene (41% and 
47% yield respectively). 
The best performing solvents in this reaction are CH2Cl2, leading to 61a in 52% yield 
and enhanced 7.4:1 ratios 61a:61b, and Et2O, affording a slightly higher yield of 61a 
(54%) and similar 7.2:1 61a:61b ratios. The greater yields of 61a obtained with Et2O, its 
reduced toxicity compared with CH2Cl2, and its easy handling and rapid evaporation 
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Table 6. Solvent optimization for the cyclization cascade of 60. 
 




1a CH2Cl2 97 52 7.4:1 
2a 1,2-DCE 96 45 6.4:1 
3a,b THF 80 - - 
4c AcOEt 85 3 2.6:1 
5a Et2O 97 54 7.2:1 
6a benzene 97 41 6.8:1 
7a toluene 31 0 - 
8a trifluorotoluene 99 47 6.7.1 
9c hexafluoro isopropyl 
alcohol 
94 20 2.2:1 
10c nitromethane 88 0 - 
11a DMF 40 0 - 
12a acetonitrile 31 0 - 
13c 1,4-dioxane 80 13 6.5:1 
14c 1,2-dimethoxyethane 10 6 6:1 
15c acetone 64 2 - 
16c chloroform 95 31 2.3:1 
17c hexane 82 37 6:1 
18c t-butyl methyl ether 72 11 11:1 
a Anhydrous solvent. b Polymerization observed. c HPLC grade solvent. d Yields determined 




solvent (0.1 M) 
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Catalyst Loading Optimization 
Different loadings of catalyst E ranging from 0.5 mol% to 10 mol% were employed in 
the gold(I)-catalyzed cyclization cascade of 60 at 25 ºC in Et2O at 0.1 M concentration. 
The results are shown in Table 7. 
Similar yields of 61a (53-55%) were obtained with 10, 5, 3 and 2 mol% of catalyst 
loadings (Table 7, entries 1, 2, 3 and 4). Interestingly, low catalyst loadings such as 1 or 
0.5 mol% (Table 7, entries 5 and 6) led to higher yields of 61a (62% and 65%), with 
61a:61b ratios of 6.8:1 and 7.8:1 respectively.  
Table 7. Catalyst loading optimization for the cyclization cascade of 60. 
	







1 10 93 54 9:1 
2 5 97 54 7.2:1 
3 3 93 55 7.8:1 
4 2 93 53 7.6:1 
5 1 93 62 6.8:1 
6 0.5 94 65 7.8:1 
a Yields determined by 1H NMR using 1,3,5-tribromobenzene as internal standard.                   
b Determined by 1H NMR. 
Concentration Optimization 
The concentration optimization was performed by varying the concentration of substrate 
60 from 0.02 M to 0.5 M in the gold(I)-catalyzed cyclization using catalyst E (5 mol%) 
and Et2O as solvent at 25 ºC. The results are displayed in Table 8. 
Although similar yields of 61a were obtained in all cases, slightly better results were 




 Et2O (0.1 M) 
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1 0.02 95 48 7.8:1 
2 0.03 93 50 7.1:1 
3 0.05 94 51 8.5:1 
4 0.1 97 54 7.2:1 
5 0.2 92 43 7.1:1 
6 0.3 90 40 6.6:1 
7 0.5 97 48 6.8:1 
a Yields determined by 1H NMR using 1,3,5-tribromobenzene as internal standard.                  
b Determined by 1H NMR. 
Time and Temperature Optimization 
The effect of the reaction time and temperature on the cyclization cascade of 60 with 
catalyst E and Et2O as solvent at 0.1 M concentration was studied. The results are 
summarized in Table 9. 
Shorter reaction times ca. 7.5 h (Table 9, entry 1) led to lower conversion and lower 
yields of 61a as compared with longer reaction times ca. 21 h (Table 9, entry 2). The 
optimized conditions for this reaction (0.5 mol% catalyst E, Et2O as solvent, 0.1 M 
concentration) at 25 ºC afforded 61a in 65% yield and 7.8:1 ratio 61a:61b after 23 h, 
with no complete conversion (Table 9, entry 3). Performing the reaction at 40 ºC allowed 
complete conversion in 8 h, leading to an increased yield of 61a (72%), with a 7.2:1 
61a:61b ratio (Table 9, entry 5). Hence, the aforementioned conditions (0.5 mol% 
catalyst E, Et2O as solvent, 0.1 M concentration, 40 ºC, 8 h) were chosen for further 
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1 5 25 7.5 87 49 9:1 
2 5 25 21 97 54 7.2:1 
3 0.5 25 23 94 65 7.8:1 
4 5 40 1.5 100 69 7:1 
5 0.5 40 8 100 72 (75)b 7.2:1 
a Yields determined by 1H NMR using 1,3,5-tribromobenzene as internal standard. b Isolated 
yield for the mixture 61a + 61b in parenthesis. c Determined by 1H NMR. 
Mechanistic Studies through DFT Calculations  
DFT calculations (B3LYP, 6-31G(d) (C, H, O, P) and SDD (Au), SMD = CH2Cl2) were 
performed in order to elucidate the actual activation mode of the cyclopropyl enyne 
substrate by gold(I) in the cyclization cascade. The mechanism of this transformation and 
the stereochemical outcome of the reaction were studied using a simplified substrate 
(TMS instead of TBS) and L = PMe3 (Scheme 34).  
The intermediate obtained by coordination of gold to the ketone (XV) in the cyclopropyl 
enyne substrate is a more stable species than the one corresponding to coordination of 
gold to the alkyne (XVII). However, for the former, the energy barrier for the C–C bond 
formation in the enyne cyclization is much higher (XV " XVI, ΔG‡ = 20.5 kcal/mol) 
than the energy barrier for the same transformation when gold is coordinated to the 
alkyne (XVII " XVIII, ΔG‡ = 10.3 kcal/mol). Thus, the reaction most likely proceeds 
by activation of the alkyne by gold and subsequent cycloisomerization to give 
intermediate XVIII, which then engages in the ring expansion. That may explain the 
significant difference of reactivity observed in the presence of gold catalysts or other 
typical Lewis or Brønsted acids. 
The transition state for the rotation of the carbocationic form of XVIII could not be 
located. The energy barrier for the formation of the anti cyclobutanone XIXa via ring 
opening of XVIII is 1.2 kcal/mol lower than the energy barrier for the obtention of the 
syn cyclobutanone XIXb, thus, the anti cyclobutanone XIXa should be formed 
preferentially. Similar energies were found for both cyclobutanone intermediates XIX. 
Finally, the Prins cyclization showed the highest energy barriers in the overall cascade 
reaction, and is therefore the rate determining step of this complex transformation. These 
Et2O (0.1 M) 
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high-energy barriers may be ascribed to the difficult formation of the quaternary carbon 
of the cyclobutane ring in the final strained tricyclic scaffold. Although the formation of 
the anti cyclobutanone XIXa is favored, the energy barrier for the Prins cyclization is in 
this case (XIXa " XXa, ΔG‡ = 20.6 kcal/mol) 0.8 kcal/mol higher than in the case of the 
syn cyclobutanone XIXb (XIXb " XXb, ΔG‡ = 19.8 kcal/mol). However, the anti 
tricyclic product XXa is 1.9 kcal/mol more stable than the syn product XXb. The small 
energy differences in the rate-determining step (Prins reaction) do not allow us to rule 
out any of the two possible pathways (syn or anti) on the basis of our calculations. 
Nevertheless, the experimental results that show a preference on the formation of anti 
product XXa may be explained by the favored formation of the anti cyclobutanone 
XIXa. Thus, an equilibrium in which this isomer prevails, would favor the formation of 
the thermodynamic product XXa.  
In comparison with the DFT calculations previously shown for the cyclopropyl enyne 
bearing a Br-substituted alkyne (Scheme 25), the Prins reaction for acetyl-substituted 
substrates is 6-8 kcal/mol less energetically demanding, which could explain the 
formation of cyclobutanones in the case of the Br-substituted substrate and the formation 
of tricyclic products with the acetyl substituent. 
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Gold(I)-Catalyzed Cyclization Cascade of E-Configured Cyclopropyl 
Enyne  
At this stage, we became interested in the comparison of the outcome of the gold(I)-
catalyzed cyclization cascade when using E-configured cyclopropyl enyne 60, E-60. This 
substrate could be prepared from previously obtained 26 (see Scheme 13) via lithiation 
of the terminal alkyne followed by reaction with acetic anhydride (Scheme 35). 
  
Scheme 35. Preparation of E-60. 
Interestingly, when E-configured isomer of 60 was subjected to the gold(I)-catalzed 
cyclization cascade, syn-fused tricyclic compound 61b was obtained as the major product 
in all cases. The results are shown in Table 10. 
Table 10. Gold(I)-catalyzed cyclization cascade of E-60. 
 











1 A 25 22 CH2Cl2 36 (36)c 1:15.6 13 
2 D 25 22 CH2Cl2 38 (43)c 1:12.6 13 
3 E 25 24 CH2Cl2 21(29)c 1:7 0 
4 E 40 8 Et2O (30)c 1:7 0 
a Complete conversion observed in all cases. b Yields determined by 1H NMR using 
1,3,5-tribromobenzene as internal standard. c Isolated yield for the mixture 61a + 61b in 













solvent (0.1 M) 
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A: R = tBu, R’ = R’’ = H
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The use of Johnphos gold(I) catalyst A or complex D, both with SbF6- as counterion, in 
CH2Cl2 at 25 ºC (Table 10, entries 1 and 2) led to low yields of 61b but enhanced ratios 
of 61b:61a (15.6:1 and 12.6:1 respectively) in favor of the syn-isomer. Product 62 was 
also formed in 13% yield in both cases. Lower yields of 61b and diastereoselectivities 
were obtained with catalyst E (Table 10, entries 3 and 4). 
Functionalization of the Tricyclic Skeleton 
With the optimized conditions for the preparation of 61a in hand, we then focused on 
completing the total synthesis of the natural product repraesentin F (Scheme 36). 
 
Scheme 36. Retrosynthetic approach to repraesentin F. 
Hydrogenation of the cyclopentene double bond of 61a proved to be rather challenging 
due to the tetrasubstituted nature of the alkene. Standard hydrogenation conditions (1 atm 
H2) using a Pd/C suspension in AcOEt at 25 ºC for 7 days afforded a 3.9:1 mixture of 
starting material 61a and desired product 64a. Diastereomer 64b was also obtained as a 
minor product of the hydrogenation (7:1 64a:64b ratio) (Scheme 37).  
 
Scheme 37. Hydrogenation of the double bond in 61a. 
The use of Adams’ precatalyst PtO2 in AcOEt at 25 ºC for 7 days (1 atm H2) led to a 
1.3:1 mixture of starting material and product 64a, however, in this case, a low 1:1 
64a:64b ratio was measured. Other common catalysts used in hydrogenation reactions 
such as Raney nickel, Wilkinson’s or Crabtree’s catalysts (1 atm H2) were unreactive in 
this transformation. Finally, employing a Pd/C suspension in AcOEt at 45 ºC for 4 days, 
saturated tricycle 64a was obtained in 76% yield (Scheme 38). The structure of 64a was 
confirmed by X-ray techniques. It is worth mentioning that the ratio 64a:64b was 
maintained to 6.8:1 and that 64b could be easily separated by standard column 
chromatography. Syn-tricyclic compound 61b turned out to be unreactive towards 
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Scheme 38. Optimized conditions for the hydrogenation of the double bond in 61a. 
The low reactivity of the ketone in 64a and also in 61a prevented its protection as an 
acetal or as a silyl enol ether. Initially, we thought that this low reactivity was due to the 
steric hindrance of the bulky TBS group. However, protection of the ketone also failed in 
the case of the corresponding tertiary alcohol products, obtained after TBS removal in 
64a or 64b. 
These results prompted us to resort to the complete reduction of all carbonyl 
functionalities with LiAlH4, yielding triols 65 and 65’ (73%, 1.5:1 dr) as an 
inconsequential 1.5:1 mixture of secondary alcohol epimers (Scheme 39). The structures 
of both epimers were determined by X-ray diffraction (Figure 7).  
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Figure 7. X-ray structures of 65/65’. 
Different procedures were evaluated for the desymmetrization of the 1,3-primary diols in 
65/65’. Monotosylation and monomesylation were attempted under standard conditions, 
using one equivalent of the corresponding sulfonyl chloride reagent in the presence of 
pyridine or lutidine as bases. However, mixtures of starting material 65/65’, together 
with mono- and disulfonylated products were obtained. The only method that allowed 
the synthesis of monotosylated products 66a/66a’ and 66b/66b’ in good yields and with 
no formation of di- or tri- tosylated compounds was the selective mono-sulfonylation of 
primary alcohols catalyzed by Bu2SnO in the presence of p-toluenesulfonyl chloride 
(Scheme 40).109,110 This reaction proceeds through the formation of 6-membered-ring tin 
acetal XXI, which then undergoes selective sulfonylation. Alternatively, Me2SnCl2 could 
be used as catalyst with no significant variation of the yields. This procedure could also 
be applied to the selective monosilylation of triols 65/65’, although in this case di- and 
trisilylated products were also observed.111,112 
																																								 																				
109. M. J. Martinelli, N. K. Nayyar, E. D. Moher, U. P. Dhokte, J. M. Pawlak, R. Vaidyanathan, Org. Lett. 
1999, 1, 447-450. 
110. From here onwards, only the transformations regarding the major secondary alcohol epimer 65 and 
derivatives of this major product will be presented. The minor secondary alcohol epimer 65’ underwent 
the same transformations with similar yields. These results and procedures can be found in the 
experimental section. 
111. T. Takeichi, M. Kuriyama, O. Onomura, Tetrahedron Lett. 2011, 52, 6646-6648. 
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Scheme 40. Selective monotosylation of 65. 
Remarkably, the independent reduction of the primary tosyl groups in 66a and 66b with 
LiHBEt3 gave the same ratios of reduced products 67a and 67b (1.7:1 67a:67b). This 
reduction proceeds via the formation of common oxetane intermediate 66c that could be 
isolated when shorter reaction times were applied (ca. 2 h) (Scheme 41). This 
intermediate presumably undergoes ring-opening by preferential attack of the hydride at 
the most sterically accessible position. Therefore, the desired isomer 67a, whose 
structure was confirmed by singe crystal X-ray diffraction (Figure 8), is obtained as the 
major product of this overall reduction. 
 
Scheme 41. Reduction of primary tosylates in 66a and 66b. 
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Numerous attempts were carried out in order to improve the selectivity towards the 
formation of 67a. When the temperature of the reaction with LiHBEt3 was decreased to 0 
ºC (for 24 h), the major product of the reaction was oxetane 66c, which was obtained in 
43% yield, along with 13% of 67a (Scheme 42). Further reaction of isolated oxetane 66c 
with LiHBEt3 at 0 ºC resulted in low conversion to products 67a and 67b. Addition of 
LiHBEt3 in two portions at 0 ºC for 24 h, led to the formation of oxetane 66c in 40% 
yield and 67a in 20% yield. The use of LiAlH4 as hydride source gave complex mixtures 
of products. We thought that a bulkier hydride reagent such as L-selectride could 
enhance the selectivity of this reaction. However, when the reaction was carried out with 
L-selectride at 25 ºC, oxetane 66c was obtained as the sole product in 59% yield 
(Scheme 42). Further reaction of 66c with L-selectride at 25 or 50 ºC did not result in 
any conversion. 
 
Scheme 42. Attempts at enhancing the selectivity towards 67a. 
With product 67a in hand we explored different methodologies for the selective 
oxidation of secondary alcohols in the presence of primary alcohols.113 Oxidation with 
vanadium oxide114 led to no conversion even at 100 ºC. On the other hand, both a low 
conversion and oxidation of the primary alcohol (to give 67c) were observed when using 
IBX as oxidant115 in the presence of nBu4NBr (Scheme 43). In order to decrease the 
steric hindrance around the secondary alcohol we decided to remove the TBS group with 
TBAF and perform the oxidation on the corresponding triol 67d. Oxidation with 
vanadium oxide or IBX (2-Iodoxybenzoic acid) afforded results similar to those obtained 
with substrate 67a. Employing NaOCl as oxidant116 a complex mixture of products was 
obtained. 
																																								 																				
113. For a review, see: J. B. Arterbum, Tetrahedron 2001, 57, 9765-9788. 
114. S. Velusamy, T. Punniyamurthy, Org. Lett. 2004, 6, 217-219. 
115. C. Kuhakarn, K. Kittigowittana, M. Pohmakotr, V. Reutrakul, Tetrahedron 2005, 61, 8995-9000. 
116. R. V. Stevens, K. T. Chapman, H. N. Weller, J. Org. Chem. 1980, 45, 2032-2033. 
THF, 0 to 25 ºC











































UNIVERSITAT ROVIRA I VIRGILI 
GOLD CATALYSIS: FROM FUNDAMENTALS TO THE SYNTHESIS OF BULLVALENES AND NATURALLY 
OCCURRING SESQUITERPENES 
Sofia Ferrer Cabrera 
	 95 
 
Scheme 43. Attempts to selectively oxidize 67a secondary alcohol. 
The selective oxidation of the secondary alcohol proving unsuccessful, we tried the 
selective protection of the primary alcohol in 67a with TBSCl to give product 68 
(Scheme 44). It is worth noting that high concentrations of 67a (ca. 1.2 M) were 
necessary in order to obtain good yields of 68. Subsequent oxidation of the secondary 
alcohol with Dess-Martin periodinane afforded ketone 69 in 99% yield. Although 
compound 69 could not be crystallized, the configuration at the tertiary CH α  to the 
ketone was assigned by analysis of GOESY NMR experiments (Figure 9). 
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Synthesis End Game  
The end game of the synthesis was performed by removal of the TBS protecting groups 
with TBAF. This reaction occurred with concomitant epimerization at the ketone α -
position, yielding product 70 in 72% yield (Scheme 45). Its structure was confirmed by 
X-ray analysis (Figure 10). Epimerization of 69 at the ketone α -position under 
desilylation conditions most likely takes place via enolization of the ketone at C7, 
nonetheless, a pathway involving a retro-aldol/aldol reaction cannot be discarded. 
 
Scheme 45. End game of the total synthesis. 
               
Figure 10. X-ray structure of 70. 
 
The spectroscopic data of synthetic 70 matched those reported for the isolated natural 
product repraesentin F (Table 11), whose structure was elucidated on the basis of 1D and 
2D NMR techniques, and initially proposed to be as 70’ (Scheme 45).68 Therefore, the 
initially proposed structure for the natural product 70’ is epimeric at the ketone α -
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Table 11. Comparison between 13C (125 MHz) and 1H NMR (500 Mz) spectral data for proposed 
and our synthetic sample of Repraesentin F in CDCl3 (δ in ppm). 
No. C Isolated repraesentin F 
(proposed structure 70’)68 
Our synthetic sample of 
repraesentin F (70) 
Δppm 
(13C)a 
13C  1H  13C  1H  
1 CH2 38.0 1.27 dd (J= 
6.6, 12.4 Hz) 
 1.46 m 
37.9 1.28 dd (J = 
6.9, 12.4 Hz) 
1.47-1.44 m 
0.1 
2 CH 53.1 2.30 q (J = 6.6 
Hz) 
53.2 2.30 (dt, J = 
13.4, 7.9 Hz) 
0.1 
3 C 51.5  51.7  0.2 
4 CH2 26.8 1.45 m, 1.53 
dd (J = 4.5, 
11.8 Hz) 
26.8 1.50-1.47 m, 
1.54 dd (J = 
4.5, 11.9 Hz) 
0 
5 CH2 28.4 1.82 dd (J = 
9.6, 12.8 Hz), 
1.93 ddd (J = 
4.5, 9.1, 12.8 
Hz) 
28.2 1.87-1.76 m, 
1.94 ddd (J = 
4.6, 9.4, 13.1 
Hz) 
0.2 
6 C 84.3  84.4  0.1 
7 CH 68.9 2.89 d (J = 
10.6) 
69.0 2.88 dd (J = 
10.7, 1.7 Hz) 
0.1 
8 CH 41.9 3.07 brq (J = 
8.5 Hz) 
42.0 3.06 bq (J = 
8.5 Hz) 
0.1 
9 CH2 40.7 1.45 m, 1.66 
dd (J = 8.1, 
13.6 Hz) 
40.7 1.46-1.41 m, 
1.66 dd (J = 
7.9, 14.1) 
0 
10 C 46.1  46.2  0.1 
11 CH3  17.8 1.12 s 18.1 1.11 s 0.3 
12 C 209.1  209.4  0.3 
13 CH3 30.8 2.18 s 30.9 2.18 s 0.1 
14 CH2 71.4 3.38 d (J = 
10.6 Hz), 3.41 
d (J = 10.6 
Hz) 
71.2 3.37 d (J = 
10.5 Hz) 3.40 
d (J = 10.5 
Hz) 
0.2 
15 CH3 25.9 0.97 s 26.2 0.98 s 0.3 
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In order to clarify the discrepancy between our structural assignment and that originally 
reported, DFT calculations were performed (B3LYP, 6-31G(d) (C, H, O), SMD = 
CH2Cl2). Our theoretical studies supported synthetically prepared compound 70 as the 
most stable epimer (Scheme 46).  
 
Scheme 46. Comparison of relative stability of 70 and 70’ by DFT calculations. Free energies are 
given in kcal/mol. 
Furthermore, DFT computations were used to predict the expected 13C NMR chemical 
shifts of the two epimeric structures 70 and 70’ (B3LYP, 6-311+g(2d, p) (C, H, O, Si), 
SMD = CHCl3). The most relevant calculated chemical shifts are presented in Table 12, 
and are compared with the experimental 13C NMR chemical shifts observed for 
compounds 70 and 69, epimeric at C7. The calculated chemical shift for C7 in 70, key 
carbon in this molecule, fitted perfectly with the experimental value (Table 12, entry 4). 
On the other hand, the computed chemical shift for C7 in 70’ deviated from the 
experimental value observed for compound 70, but resembled that of product 69 (Table 
12, entry 4). According to these results, 13C NMR shifts for the originally proposed 
structure of repraesentin F (70’) are expected to differ slightly but significantly from 
those reported in the original publication,68 and these chemical shifts should be more 
similar to those observed for product 69. 
Table 12. Comparison between calculated 13C NMR chemical shifts for 70 and 70’ and 
experimentally obtained 13C NMR chemical shifts for 70 and 69 (δ in ppm). 
 








1 2 CH 52.8 53.2 50.1 59.4 
2 3 C 54.5 51.7 60.6 62.1 
3 6 C 86.9 84.4 90.6 92.7 
4 7 CH 64.7 69.0 69.0 65.0 
5 8 CH 47.5 42.0 43.2 58.6 
 
All these evidences point towards a misassignment of the initially proposed structure for 
repraesentin F 70’. Its correct structure, supported herein by substantial data is as 
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Scheme 47. Structure reassignment for repraesentin F. 
The optical rotation of the isolated natural product was compared with those of both 
enantiomers of 70. Separation of racemic 70 was performed by preparative HPLC. The 
measured optical rotation for synthetic (+)-70 was [𝛼]'()  = +44.8° (c = 0.4, MeOH) 
which agrees with the literature data for naturally occurring (+)-repraesentin F: [𝛼]'() = 
+43° (c = 0.34, MeOH).68 
In order to assign the absolute configuration of natural (+)-70 by X-ray crystallography, 
synthetic (+)-70 was derivatized by esterification of the primary alcohol with ferrocene 
carboxylic acid to give ferrocene carboxylate (+)-70a as an orange solid. 117  Single 
crystals of high quality were obtained that allowed the determination of the absolute 
configuration of (+)-70a and by extension of (+)-70 (Scheme 48).  
 
Scheme 48. Derivatization of (+)-70 as ferrocenoate ester (+)-70a. 
The same absolute configuration determined for (+)-70 was also found in protoilludanes 
isolated from the same family of fungus (russulaceae) e.g. (-)-plorantinone B,118 (-)-
violascenol,119 and (-)-russujaponol A,120 which relates to the biosynthetic origin of (+)-
70 (Scheme 49).68,75 
																																								 																				
117. P. M. Holstein, J. J. Holstein, E. C. Escudero-Adán, O. Baudoin, A. M. Echavarren, Tetrahedron: 
Asymmetry 2017, 28, 1321-1329. 
118. M. Clericuzio, J. Fu, F. Pan, Z. Pang, O. Sterner, Tetrahedron 1997, 53, 9735-9740. 
119. G. Vidari, L. Garlaschelli, A. Rossi, P. Vita-Finzi, Tetrahedron Lett. 1998, 39, 1957-1960. 
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Scheme 49. Absolute configuration of (+)-70, (+)-70a, and protoilludanes (-)-Plorantinone B, (-)-
Violascenol and (-)-Russujaponol A. 
 
Attempts Towards the Synthesis of epi-Repraesentin F 
Different desilylation conditions were applied to 69 in order to avoid epimerization at the 
ketone α-position and hence obtain 70’. Reaction of 69 with TBAF at 0 ºC for 30 min led 
to very low conversion and only partial deprotection of the primary alcohol, affording 
product 71. Further reaction at 25 ºC gave compound 70, epimerized at the ketone α-
position. Reaction of 69 with TBAF in a THF/AcOH buffered solution121 led to the 
deprotection of the primary alcohol, but no further removal of the tertiary TBS group 
was observed (Scheme 50).  
 
Scheme 50. Attempts at synthesizing 70’. 
Removal of the TBS groups under acidic conditions using camphor sulfonic acid 
(CSA)122 in a mixture of CH2Cl2 and MeOH led to deprotection of the primary alcohol 
and epimerization at the ketone α-position to afford 71’ and 72 (Scheme 51). Product 72 
could presumably be formed through different pathways, e.g. formation of the tertiary 
																																								 																				
121. B. D. Williams, A. B. Smith III, J. Org. Chem. 2014, 79, 9284-9296. 
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carbocation followed by nucleophilic attack of MeOH, or by elimination of HOTBS to 
form a tetrasubstituted double bond conjugated with the ketone and subsequent addition 
of MeOH. A less likely mechanism would involve a retro-aldol reaction followed by 
methanol attack to form a hemiacetal intermediate, which could evolve to the oxonium 
cation that would undergo a subsequent aldol-type reaction. Changing the solvent to 
THF/H2O gave mixtures of non-epimerized product 71 and epimerized products 71’ and 
70. The latter is probably formed in a manner similar to the formation of 72. Reaction of 
the mixture 71/71’ with CSA in non-nucleophilic solvents (CH2Cl2/THF) led to complete 
epimerization at the ketone α-position to afford 71’.  
 
Scheme 51. Attempts at synthesizing 70’ via removal of TBS group under acidic conditions. 
Comparison of the 1H and 13C NMR chemical shifts for the characteristic signals of 
compounds 69, 71, 71’ and 70 is shown in Figure 11 and summarized herein: 71, 13C 
NMR: C7 = 64.6, C8 = 47.4, C12 = 207.4 ppm; similar to 69: C7 = 64.7, C8 = 47.5, C12 = 
207.5 ppm. 71’, 13C NMR: C7 = 71.3, C8 = 43.9, C12 = 210.3 ppm; similar to 70: C7 = 
69.0, C8 = 42.0, C12 = 209.4 ppm. Characteristic 13C NMR chemical shifts are observed 
for the two types of epimers (epimeric at the ketone a position), illustrating that products 
69/71 represent the same type of epimer, whereas 70/71’ exemplify another epimer 
family. 
       CSA
CH2Cl2/MeOH
    25 ºC, 6 h
 THF/H2O, 25 ºC
          20 h
CSA
CSA, CH2Cl2/THF,  25 ºC, 22 h
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Figure 11. Comparison of the characteristic 13C and 1H NMR signals for compounds 69, 71, 71’ 
and 70. 
Despite our efforts, none of the conditions employed were appropriate for the preparation 
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Studies on the Enantioselective Synthesis of Repraesentin F 
Approaches Using Gold(I) 
We considered the development of the enantioselective synthesis of repraesentin F via a 
gold(I)-catalyzed enantioselective cyclization cascade of cyclopropyl enyne 60 
employing chiral gold(I) catalysts. 123  The development of efficient asymmetric 
transformations with chiral gold(I) catalysts remains a challenge mainly due to the linear 
coordination of gold(I), that forces the chiral ligand and the substrate to be on opposite 
sides of the metal center, thus, keeping the substrate away from the chiral environment. 
Nevertheless, the number of reports on successful gold(I)-catalyzed enantioselective 
reactions has increased in the last years.124 
Our approach relied on the use of chiral mono- and bidentate phosphines and phosphites 
and chiral phosphoramidites for the preparation of chiral gold(I) complexes. A wide 
variety of chiral gold(I) chloride complexes bearing diverse chiral ligands were prepared 
by standard procedures.24 The enantioselective cyclizations of cyclopropyl enyne 60 
were performed employing 5 mol% of gold(I) chloride complexes and generating the 
cationic gold(I) catalysts in situ by addition of NaBArF as chloride scavenger (5 or 10 
mol% in order to abstract one, or two chlorides respectively, in the case of digold 
complexes).125 The chloride scanvenger was restricted to NaBArF in order to avoid the 
reaction of cyclopropyl enyne 60 with silver salts (see Table 5, entries 22 and 23). 
Lithium salts such as LiSbF6 and LiBF4, that could act as chloride scavengers, were 










123. The gold(I)-catalyzed cyclization of related substrates using chiral gold(I) catalysts has been reported to 
give cyclobutanones with good enantioselectivities: Z. Wu, D. Lebœuf, P. Retailleau, V. Gandon, A. 
Marinetti, A. Voituriez, Chem. Commun. 2017, 53, 7026-7029. 
124. W. Zi, F. D. Toste, Chem. Soc. Rev. 2016, 45, 4567-4589. 
125. The reactions were carried out in the glovebox, using dry solvents and with reaction times ranging from 
15 to 20 h. The mixtures were quenched with a drop of Et3N and purified by column chromatography on 
silica gel prior to injection on UPC2 apparatus to determine the enantiomeric excesses. 
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Table 13. Ligand screening for the enantioselective gold(I)-mediated cyclization of cyclopropyl 
enyne 60. 
	
















1 L1 10 54 14 2.3:1 3 6 9 
2b L1 - 49 12 2.4:1 - 1 3 
3 L2 10 42 7 2.3:1 1 1 6 
4 L3 10 64 17 4.2:1 - 8 9 
5 L4 10 71 25 5:1 - 19 4 
6 L5 10 71 14 2.8:1 2 8 8 
7 L6 10 68 8 8:1 1 4 2 
8 L7 10 50 10 3.3:1 1 4 9 
9 L8 10 48 16 3.2:1 - 10 8 
10 L9 10 70 17 2.8:3 2 7 1 
11 L10 10 95 18 3:1 4 8 11 
12 L11 10 100 40 4:1 - 12 4 
13 L12 10 87 24 2.6:1 13 2 11 
14 L13 10 80 20 4:1 4 5 14 
15c L13 10 72 23 3.8:1 5 13 11 
16 L13 5 47 16 3.2:1 1 - 10 
17d L13 10 50 16 2.7:1 2 1 9 
18e L13 10 8 3 - - - 17 
19 L14 10 100 40 4.4:1 2 9 5 
20 L15 5 100 35 3.9.1 - 16 9 
21 L16 10 0 - - - - - 
22 L17 10 88 34 4.8.1 - 16 7 
23 L18 10 62 15 5:1 - 11 10 
24 L19 5 85 25 5:1 4 22 14 
25 L20 5 28 10 3.3:1 - 2 10 
26f L21 5 100 34 4.8.1 - 29 23 
27f,g L21 5 100 34 5.7:1 - 36 24 
28 L22 5 100 31 5.2:1 3 24 13 
29h L23126 5 78 6 1.2:1 - 2 6 
a Yields determined by 1H NMR using 1,3,5-tribromobenzene as internal standard.          
b Cationic catalyst with BF4- as counterion used directly. c Toluene:CH2Cl2 in 2:1 ratio 
as solvent. d Temperature = 0 ºC. e Temperature = -10 ºC. f An impurity co-elutes with 
one enantiomer. g Toluene:CH2Cl2 in 1:1 ratio as solvent. h Heated at 50 ºC. At 25 ºC no 
conversion was observed. i Determined by 1H NMR. 
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In general low enantiomeric excesses and modest yields of 61a were observed. The best 
enantioinduction was obtained with phosphoramidite ligand L21 (23% ee, Table 13, 
entry 26), although the result is not completely reliable due to the presence of an 
impurity co-eluting with one of the enantiomers. The change of solvent for toluene and 













L1: R1 = R3 = tBu, R2 = OMe
L2: R1 = R3 = tBu, R2 = H

























L6: R1 = R3 = tBu, R2 = OMe
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Modest enantiomeric excesses were obtained with ligands L13 and L19 (14 % ee, Table 
13, entries 14 and 24). Abstracting only one chloride from the AuCl complex with L13 
resulted in lower enantioinduction (10% ee) and lower conversion (Table 13, entry 16). 
Likewise, changing the solvent to a 2:1 mixture of toluene:CH2Cl2 or decreasing the 
reaction temperature resulted in lower enantiomeric excess (Table 13, entries 15, 17 and 
18). 
A complete set of phosphoramidite ligands (DSM MonoPhosTM family), and additional 
monodentate and bidentate phosphines were assayed in the High Throughput 
Experimentation (HTE) laboratory. The corresponding gold(I)-chloride complexes were 
preformed by mixing dimethylsulfide gold(I) chloride and the corresponding enantiopure 
ligands followed by evaporation of the solvent before adding the solution of cyclopropyl 
enyne substrate (10 µmol). The cationic gold(I) species were generated in situ by 
addition of a solution of NaBArF as the chloride scavenger. The reactions were stirred at 
25 ºC for 20 h. Poor enantioselectivities ranging from 1 to 23% were measured in all 
cases (Figure 12). 
The low enantioselectivities observed with gold(I) catalysts in the cyclization cascade of 
60, prompted us to study the enantioselective version of this reaction using other chiral 
catalysts. 
Approaches Using Pt(II) 
We envisioned that dicationic platinum(II) catalysts bearing enantiopure bidentate 
phosphine ligands could enhance the enantioselectivities in the cyclization cascade of 60 
by a double activation of the alkyne and the ketone in 60. Enantiopure Pt(II) catalysts 
were prepared according to literature procedures summarized in Scheme 52.127  
 
Scheme 52. Preparation of dicationinc Pt(II) chiral complexes. 
The enantioselective cyclizations were performed with 5 mol% of dicationic Pt(II) 
catalysts.128 The results are shown in Table 14. 
 
																																								 																				
127. (a) C. Ferrer, M. Raducan, C. Nevado, C. K. Claverie, A. M. Echavarren, Tetrahedron 2007, 63, 6306-
6316. (b) A. Pradal, S. Gladiali, V. Michelet, P. Y. Toullec, Chem. Eur. J. 2014, 20, 7128-7135. 
128. The reactions were carried out in the glovebox, using dry solvents and with reaction times ranging from 
15 to 22 h. The mixtures were quenched with a drop of Et3N and purified by column chromatography on 













CH3CN, CH2Cl2, 25 ºC
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Figure 12. Selected examples of enantiopure ligands used in the HTE laboratory.a,b 
a Abstraction of one chloride from the gold(I) complex. b Abstraction of two 
chlorides from the gold(I) complex. 
Low yields and enantioselectivities of 61a were observed in all cases. The best 
enantioinduction was obtained with ligand L1 (35% ee, Table 14, entry 1), however, the 
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L8 provided moderate enantiomeric excess (Table 14, entry 4). In order to test the 
solvent effect on the enantioselectivity other solvents commonly used in enantioselective 
Pt-catalyzed reactions were evaluated in this reaction with L8 as ligand on Pt. When 
nitromethane was used no tricyclic product 61a/61b was observed (Table 14, entry 7). 
Employing toluene gave 21% yield of tricyclic product 61a, however the enantiomeric 
excess decreased to 1% (Table 14, entry 8). 
Table 14. Ligand screening for the enantioselective Pt(II)-mediated cyclization of cyclopropyl 
enyne 60. 
 














1b L1 SbF6 71 11 1.2:1 22 - 35 
2 L1 BArF 78 20 2.5:1 16 2 13 
3 L6 BArF 87 17 2.8:1 18 1 2 
4 L8 BArF 81 19 3.8:1 20 2 14 
5c L8 BArF 60 33 4.1:1 5 2 5 
6d L8 BArF 69 33 4.7:1 2 1 2 
7e L8 BArF 57 - - 21 - - 
8f L8 BArF 73 21 3.5:1 6 - 1 
9 L10 BArF 84 23 3.6:1 23 2 14 
10 L11 BArF 87 17 5.6:1 18 - 10 
11 L13 BArF 76 19 3.8:1 16 3 13 
a Yields determined by 1H NMR using 1,3,5-tribromobenzene as internal standard. b An 
impurity co-elutes with one enantiomer. c Temperature = 0 ºC. d Temperature = -10 ºC.  
e Nitromethane as solvent. f Toluene as solvent. g Determined by 1H NMR. 
Approaches Using Sc(III) 
The enantioselective cyclization of 60 was attempted using Sc(OTf)3 bearing enantiopure 
N-oxide ligands as catalyst. The ligands were synthesized according to literature 
procedures summarized in Scheme 53.129 The reactions were performed with 5 mol% of 
the chiral Sc(III) catalysts.130 The results are summarized in Table 15. 
																																								 																				
129. (a) X. Liu, L. Lin, X. Feng, Org. Chem. Front. 2014, 1, 298-302. (b) W. He, J. Hu, P. Wang, L. Chen, F. 
Ji, S. Yang, Y. Li, Z. Xie, W. Xie, Angew. Chem. Int. Ed. 2018, 57, 3806-3809. 
130. The reactions were carried out in the glovebox, using dry solvents and with reaction times ranging from 
40 to 86 h. The mixtures were quenched by filtration through a Teflon filter and purified by column 
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The use of 4 Å molecular sieves and long reaction times were necessary to observe any 
conversion. Disappointingly, the enantioselectivities turned out to be very low in all 
cases (2-8% ee). 
 
Scheme 53. Synthesis of enantiopure Sc(III) complexes. 
Table 15. Ligand screening for the enantioselective Sc(III)-mediated cyclization of cyclopropyl 
enyne 60. 
 
















1b L46 45 8 - - - 3 - 
2c L46 40 54 6 1.5:1 - 1 8 
3 L46 72 66 35 3.5:1 - 3 2 
4d L46 72 85 42 4.2:1 - 2 4 
5c L47 86 97 27 3.4:1 - 21 6 
6d L47 86 95 31 4.4:1 - 20 3 
a Yields determined by 1H NMR using 1,3,5-tribromobenzene as internal standard. b No 
molecular sieves used. c An impurity co-elutes with one enantiomer. d 1,2-DCE as 
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Approaches Using Pd(II) 
Various Pd(II) catalysts bearing chiral diphosphine ligands and weakly coordinating 
trifluoromethane sulfonates were employed in the enantioselective cyclization cascade of 
60. Pd(II) catalysts were prepared according to literature procedures, as summarized in 
Scheme 54.131  
 
Scheme 54. Synthesis of enantiopure Pd(II) complexes. 
The reactions were performed with 5 mol% of the chiral Pd(II) catalysts.132 The results 
are shown in Table 16. 
Table 16. Ligand screening for the enantioselective Pd(II)-mediated cyclization of cyclopropyl 
enyne 60. 
 
















1b L6 15 100 6 1:1.3 30 - 28 
2b L6 15 100 3 1:1.6 27 1 45 
3c L10’ 47 100 18 1:1.1 7 - 1 
a Yields determined by 1H NMR using 1,3,5-tribromobenzene as internal standard. b An 
impurity co-elutes with one enantiomer. c Temperature = -10 ºC. d Determined by 1H 
NMR. 
																																								 																				
131. (a) A. S. Abu-Surrah, T. A. K. Al-Allaf, M. Klinga, M. Ahlger, Polyhedron 2003, 22, 1529-1534. (b) K. 
M. Gramigna, J. V. Oria, C. L. Mandell, M. A. Tiedemann, W. G. Dougherty, N. A. Piro, W. S. Kassel, 
B. C. Chan, P. L. Diaconescu, C. Nataro, Organometallics 2013, 32, 5966-5979. 
132. The reactions were carried out in the glovebox, using dry solvents and with reaction times ranging from 
15 to 47 h. The mixtures were quenched with a drop of Et3N and purified by column chromatography on 
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Interestingly, Pd(II)-catalysts favored the formation of the syn-tricycle 61b over 61a. 
When the reactions were carried out at 25 ºC, the major product of the reaction was 62 
(Table 16, entries 1 and 2). However, lowering the reaction temperature allowed 
decreasing the yield of 62 and enhancing the yield of 61a employing ligand L10’ (Table 
16, entry 3). 
Other Approaches 
The enantioselective cyclization of 60 was also studied employing an enantiopure Zn(II) 
complex formed by reaction of R-BINOL with Et2Zn. 133  However, in this case no 
conversion was observed and the starting material was recovered. 
Finally, we attempted the enantioselective cyclization of 60 using enantiopure 
phosphoric acid L and enantiopure N-triflyl phosphoramide M. The results are shown in 
Table 17. 
Table 17. Enantioselective cyclization of cyclopropyl enyne 60 using enantiopure phosphoric 
acids or N-triflyl phosphoramides. 
 
















1 L 24 0 - - - - - 
2 M 7 72 25 4.2:1 - - 8 
3b M 20 64 32 5.3:1 - 3 1 
a Yields determined by 1H NMR using 1,3,5-tribromobenzene as internal standard.            
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Phosphoric acid L appeared to be unreactive in this transformation (Table 17, entry 1), 
whereas N-triflyl phosphoramide M was slightly more active, although modest yields 
and low enantiomeric excesses were measured for 61a (Table 17, entries 2 and 3). 
Substrate Modification 
The low enantioselectivities observed employing enantiopure catalysts for the cyclization 
cascade of 60 prompted us to consider the structural modification of cyclopropyl enyne 
60 in order to perform the cyclization cascade with enantioenriched substrates. 
We first considered the enantioselective reduction of the ketone in 60 to afford an 
enantioenriched alcohol that could undergo a diastereoselective gold(I)-catalyzed 
cyclization cascade. However, when the gold(I)-catalyzed cyclization cascade was 
performed with racemic alcohol 73, no trace of tricyclic products or cyclobutanones 
could be detected (Scheme 55). Most of starting material 73 remained unreacted, 
although, product 74, presumably arising from cyclopropanol fragmentation, could be 
identified. Gold(I)-catalyzed cyclization of TBS-protected alcohol 75 led to similar 
results. 
 
Scheme 55. Gold(I)-catalyzed cyclization of modified substrates 73 and 75. 
We then envisioned that the protection of the ketone in 60 with an enantiopure diol could 
afford an enantiopure cyclic acetal-protected substrate. However, the gold(I)-catalyzed 
cyclization cascade of racemic 1,3-dimethyldioxane-protected substrate 77 led to no 
conversion (Scheme 56). 
These results suggest that cyclopropyl enynes bearing strong electron-donating groups on 
the alkyne terminus are unreactive substrates in the gold(I)-catalyzed cyclization. DFT 
calculations (B3LYP, 6-31G(d) (C, H, O, P) and SDD (Au), SMD = CH2Cl2) were 
performed, in order to clarify the lack of reactivity of this type of substrates, using a 
simplified substrate (TMS instead of TBS) and L = PMe3 (Scheme 57). It was found that 
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was at least 6.4-10 kcal/mol higher (XXII " XXIII, ΔG‡ = 16.7 kcal/mol) than the 
energy barriers for the same transformation on substrates bearing a ketone group 
(Scheme 34) or a bromine (Scheme 25) at the alkyne terminus. This is most likely the 
cause of the low reactivity of these substrates. 
 
Scheme 56. Gold(I)-catalyzed cyclization of modified substrate 77. 
 
Scheme 57. DFT calculations for the C-C bond formation in XXII. Free energies are given in 
kcal/mol. 
The work presented in this chapter culminated with the total synthesis of racemic 
repraesentin F and its structural reassignment. However, the development of an 
asymmetric total synthesis of repraesentin F remains an unsolved challenge. A future 
development would include the study of the gold(I)-catalyzed diastereoselective 
cyclization cascade of enantiopure substrates such as cyclopropyl enyne 78 bearing the 
methyl/hydroxymethyl substituents already in place (Scheme 58). In another possible 
approach, we could envision the cyclization cascade of aldehyde-substituted cyclopropyl 
enynes of type 79, in the presence of chiral amine organocatalysts alone or in conjuction 
with metal catalysts, including gold(I) and silver(I) with achiral or enantiopure ligands. 
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Conclusions 
The first total synthesis of repraesentin F has been accomplished in 16 steps and 2% 
overall yield. The key step features a diastereoselective gold(I)-catalyzed cyclization 
cascade that enables the construction of the tricyclic skeleton of the molecule with an 
unusual anti-ring fusion, in a single step, from the appropriate cyclopropyl enyne. The 
relative and absolute configurations of repraesentin F have been determined by X-ray 
crystallography via derivatization with ferrocene carboxylic acid. Furthermore, the 
synthetic study allowed the correction of the previously misassigned structure of this 
natural product (Scheme 59). DFT calculations showed that the cyclopropyl enyne 
substrate is most likely activated by gold(I) by coordination to the alkyne. The 
enantioselective version of the cyclization cascade of 60 was extensively explored, 
leading to low enantioselectivities in all cases. 
 












MeO2C     Et2O, 40 ºC, 8h
(0.5 mol%)









    69
TBAF











   (corrected, relative 
       configuration)
epi-Repraesentin F 
 (proposed, relative 


























   DMAP, PyBOP 
         DIPEA 




UNIVERSITAT ROVIRA I VIRGILI 
GOLD CATALYSIS: FROM FUNDAMENTALS TO THE SYNTHESIS OF BULLVALENES AND NATURALLY 
OCCURRING SESQUITERPENES 




Unless otherwise stated, all reagents were purchased from commercial sources and used 
as received without further purification. Reactions were carried out under argon 
atmosphere in solvents dried by passing through an activated alumina column on a 
PureSolvTM solvent purification system (Innovative Technologies, Inc., MA), unless 
otherwise stated. Thin layer chromatography was carried out using TLC aluminum sheets 
coated with 0.2 mm of silica gel (Merck Gf234). Chromatographic purifications were 
carried out using flash grade silica gel (SDS Chromatogel 60 ACC, 40-60 µm) as the 
stationary phase. Preparative TLC was performed on 20 cm x 20 cm silica gel plates (2.0 
mm thick, catalogue number 02015, Analtech or 1.0 mm thick, catalogue number 
P02013 Analtech). NMR spectra were recorded at 25 ºC on a Bruker Avance 300, 400 
Ultrashield, Bruker Avance 500 Ultrashield and 500 with CryoProbe apparatus. 
Chemical shifts are reported as δ in parts per million (ppm) downfield from 
tetramethylsilane, using the residual protiosolvent or tetramethylsilane as reference (δH = 
7.26 ppm, δC = 77.16 ppm for CDCl3). Coupling constants (J) are reported in hertz (Hz). 
Mass spectra were recorded on a Waters LCT Premier Spectrometer (ESI and APCI) or 
on an Autoflex Bruker Daltonics (MALDI and LDI). Melting points were determined 
using a MP70 melting point system Mettler Toledo melting point apparatus. Specific 
optical rotation measurements were carried out on a Jasco P-1030 model polarimeter 
equipped with a PMT detector using the sodium line at 589 nm, and 2 mL (100 mm 
pathlength) cell. HPLC grade solvents were used for optical rotation measurements. 
Chiral HPLC analyses and separation of enantiomers were carried out on an Agilent 
Technologies instrument HPLC 1200 series with Diode Array detector. 
Gold complexes were synthesized according to literature procedures, except 
(acetonitrile)[(2-biphenyl)di-tert-butylphosphine]gold(I)hexafluoroantimonate, which 
was purchased form Aldrich.14d,f,18,24b,c,134 
General Procedures 
General procedure (A) for the hydrolysis of dimethyl acetals 
P-toluenesulfonic acid monohydrate (PTSA) (0.1 equiv) was added to a solution of the 
dimethyl acetal (1.0 equiv) in acetone (0.22 mol/L) and water (2.22 mol/L) and the 
mixture was refluxed at 70 ºC for 5 h. The solution was then cooled down to room 
temperature, diluted with hexanes, partially concentrated to remove most of the acetone 
and then diluted with AcOEt. The organic layer was washed with water (x1) and brine 
(x1). The combined aqueous layers were extracted with AcOEt (x3), dried over Na2SO4, 
filtered and concentrated under vacuo. 
																																								 																				
134. A. Collado, A. Gómez-Suárez, A. R. Martin, A. M. Z. Slawin, S. P. Nolan, Chem. Commun. 2013, 49, 
5541-5543. 
UNIVERSITAT ROVIRA I VIRGILI 
GOLD CATALYSIS: FROM FUNDAMENTALS TO THE SYNTHESIS OF BULLVALENES AND NATURALLY 
OCCURRING SESQUITERPENES 
Sofia Ferrer Cabrera 
	 117 
General procedure (B) for the Still-Gennari Z-selective variant of the Horner-
Wadsworth-Emmons olefination101 
KOtBu (1.05 equiv) in anhydrous THF (1 mol/L) was dropwise added over 25 min to a 
suspension of the phosphonate (1.1 equiv) and 18-crown-6 (1.4 equiv) in anhydrous THF 
(28.6 mol/L) at -78 ºC under argon. The yellow solution was stirred at -78 ºC for 30 min, 
then a solution of the aldehyde (1.0 equiv) in anhydrous THF (0.17 mol/L) was dropwise 
added over 60 min. The resulting reaction mixture was stirred at -78 ºC for 4 h, then 30 
min warming to 0 ºC. The reaction was quenched with water, the aqueous layer was 
extracted with AcOEt (x3). The combined organic layers were washed with brine (x1) 
dried over anhydrous Na2SO4, filtered and concentrated under vacuo. 
General procedure (C) for the enolyzation of enones 
To a solution of the enone (1.0 equiv) in anhydrous Et2O (0.1 mol/L) at 0 ºC were 
dropwise added at the same time anhydrous Et3N (2.5 equiv) and TBSOTf (1.5 equiv). 
The cloudy solution was stirred at 25 ºC for 7 h. The reaction was quenched with brine. 
The aqueous layer was extracted with Et2O (x3), the combined organic layers were 
washed with brine (x2), dried over anhydrous Na2SO4, filtered and concentrated under 
vacuo. 
General procedure (D) for the Simmons-Smith cyclopropanation of silyl enol 
ethers97 
CH2I2 (1.2 equiv) was dropwise added to a Schlenk flask containing a solution of Et2Zn 
(1.2 equiv) in CH2Cl2 (3.3 mol/L) at -60 ºC under argon whereupon a white precipitate 
appeared. The white suspension was warmed to 0 ºC and then cooled again to -60 ºC. A 
solution of the enol ether (1.0 equiv) in CH2Cl2 (7 mol/L) was dropwise added to the 
white suspension at -60 ºC. The suspension was stirred at -60 ºC for 40 min, then slowly 
warmed to 0 ºC in 1 h, and finally stirred at 0 ºC for 2.5 h. The reaction was quenched 
with water, the aqueous layer was extracted with CH2Cl2 (x3) and the combined organic 
layers were washed with brine (x1), dried over anhydrous Na2SO4, filtered and 
concentrated under vacuo. 
General procedure (E) for the removal of the TMS group99 
To a solution of the TMS substituted alkyne (1.0 equiv) in methanol (0.5 mol/L) solid 
potassium carbonate (1.1 equiv) was added at 25 ºC. The resulting suspension was stirred 
at this temperature for 2 h. The reaction was quenched with brine and diluted with 
cyclohexane. The aqueous layer was extracted with a 1:1 mixture AcOEt:cyclohexane 
(x5), the combined organic layers were dried over anhydrous Na2SO4, filtered and 
concentrated under vacuo. 
General procedure (F) for the gold(I), Lewis acid or Brønsted acid catalyzed 
cascade cyclizations 
To a solution of the precursor of cyclization (1.0 equiv) in anhydrous solvent (0.1 mol/L) 
was added the gold(I) catalyst, Lewis or Brønsted acid (X mol%), the solution was 
stirred at T ºC for t h. In the case of gold(I) catalysis, no precautions were taken in order 
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to exclude air. The reactions were quenched with few drops of Et3N and the crude was 
purified by flash column chromatography or preparative TLC over SiO2. 
General procedure (G) for the Pd-catalyzed Tsuji-Trost Allylation with malonates95 
A solution of the malonate (1.2 equiv) in anhydrous THF (0.5 mol/mL) was dropwise 
added to a suspension of NaH (60% wt, 1.2 equiv) in anhydrous THF (1 mol/mL). The 
intermediate malonate anion solution was added to a Schlenk flask containing Pd(PPh3)4 
(0.03 equiv) under argon. Then a solution of the carbonate (1.0 equiv) in anhydrous THF 
(0.4 mol/mL) was added and the resulting mixture was stirred at 25 ºC for 3 h. The 
reaction was quenched with saturated aqueous NaHCO3. The aqueous layer was 
extracted with EtOAc (x3), the combined organic layers were washed with saturated 
aqueous NaHCO3 (x1), brine (x1), dried over anhydrous MgSO4, filtered and 
concentrated under vacuo. 
Experimental Procedures and Compound Characterization 
4-Methyl-5-methylene-4-vinyl-1,3-dioxolan-2-one (21)96  
 AgOAc (0.1 equiv, 1.04 g, 6.24 mmol) and DBU (1.0 equiv, 9.32 mL, 62.40 
mmol) were added to a solution of 3-methylpent-1-en-4-yn-3-ol (1.0 equiv, 
6.00 g, 62.40 mmol) in toluene (125 mL, 0.5 mol/L) in a 300 mL autoclave. 
The autoclave was purged with CO2 and then charged with CO2 (10 bar). 
When the pressure was stabilized the autoclave was charged again with CO2 (10 bar) and 
the mixture was stirred for 48 h at 25 ºC. The resulting mixture was loaded directly on a 
SiO2 column and the toluene was washed out with pentane. Purification was carried out 
by elution with pentane/Et2O 98:2 to 60:40, concentration at max. 25 ºC and 200 mbar to 
yield 7.29 g of colorless liquid. (80% yield). 
1H NMR (500 MHz, CDCl3) δ 5.94 (dd, J = 17.1, 10.7 Hz, 1H), 5.49 (d, J = 17.2 Hz, 1 
H), 5.33 (d, J = 10.7 Hz, 1H), 4.88 (d, J = 3.9 Hz, 1H), 4.33 (d, J = 3.9 Hz, 1H), 1.69 (s, 
3H). 13C NMR (126 MHz, CDCl3) δ 156.2, 151.1, 136.2, 116.7, 87.3, 85.8, 25.6. GC-
MS-EI calculated for C7H8O3 [M]+.: 140.0; found:140.0. 
 
Ethyl (3-methyl-4-oxopent-1-en-3yl) carbonate (22)96 
The title compound was prepared according to procedure below and 
obtained as a colorless oil (61%, 4.80 g). DMAP (0.2 equiv, 1.03 g, 8.44 
mmol) was added to a solution of 4-methyl-5-methylene-4-vinyl-1,3-
dioxolan-2-one (1.0 equiv, 5.91 g, 42.20 mmol) in anhydrous ethanol (84 
mL, 0.5 mol/L). The resulting mixture was stirred for 24 h at 25 ºC, then 
quenched with water and extracted with pentane (x5). The combined organic layers were 
washed with water (x1), brine (x2), dried over anhydrous MgSO4, filtered and 
concentrated (max. 25 ºC and 200 mbar). Purification was carried out by flash column 
chromatography over SiO2 (pentane/Et2O 100:0 to 80:20). 
1H NMR (300 MHz, CDCl3) δ 6.01 (dd, J = 17.4, 10.9 Hz, 1H), 5.44 (d, J = 17.4 Hz, 1 
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J = 7.1, 3H). 13C NMR (126 MHz, CDCl3) δ 203.9, 153.7, 135.9, 116.9, 87.3, 64.4, 23.6, 
21.2, 14.2. HRMS-ESI calculated for C9H14NaO4 [M+Na]+: 209.0784; found: 209.0789. 
 
(E)-Dimethyl 2-(3-methyl-4-oxopent-2-enyl)-2-(prop-2-ynyl)malonate (24) 
The title compound was prepared according to the general procedure 
for the Tsuji-Trost allylation95 from dimethyl 2-(prop-2-
ynyl)malonate (159 mg, 0.937 mmol) and ethyl 3-methyl-4-oxopent-
1-en-3-yl carbonate (145.00 mg, 0.78 mmol). Purification was carried 
out by flash column chromatography over SiO2 (cyclohexane/ethyl acetate 5:1) to afford 
160.00 mg of yellow oil (yield: 83%). 
1H NMR (500 MHz, CDCl3) δ 6.45 (tq, J = 7.4, 1.3 Hz, 1H), 3.76 (s, 6H), 3.01 (dq, J = 
7.5, 1.0 Hz, 2H), 2.83 (d, J = 2.7 Hz, 2H), 2.28 (s, 3H), 2.06 (t, J = 2.7 Hz, 1H), 1.81 (q, 
J = 1.0 Hz, 3H). 13C NMR (126 MHz, CDCl3) δ 199.3, 169.9, 140.9, 135.5, 78.4, 72.1, 
56.6, 53.0, 32.0, 25.6, 23.5, 11.4. HRMS-ESI calculated for C14H18NaO5 [M+Na]+: 




The title compound was prepared according to the general 
procedure for the enolyzation of enones from (E)-dimethyl 2-(3-
methyl-4-oxopent-2-enyl)-2-(prop-2-ynyl)malonate (495.00 mg, 
1.86 mmol). Purification was carried out by flash column 
chromatography over SiO2 (cyclohexane/ethyl acetate 99:1 with few drops of Et3N for 
silica deactivation) to afford 535.00 mg of pale yellow oil (yield: 75%). 
1H NMR (400 MHz, CDCl3) δ 5.78 (t, J = 7.8 Hz, 1H), 4.42 (s, 1H), 4.25 (s, 1H), 3.71 (s, 
6H), 2.92 (d, J = 7.9 Hz, 2H), 2.76 (d, J = 2.7 Hz, 2H), 1.99 (t, J = 2.7 Hz, 1H), 1.79 (s, 
3H), 0.95 (s, 9H), 0.15 (s, 6H). 13C NMR (101 MHz, CDCl3) δ 170.3, 156.8, 135.3, 
120.5, 92.0, 79.1, 71.5, 57.1, 52.9, 31.1, 25.9, 22.8, 18.3, 13.5, -4.6. HRMS-ESI 




The title compound was obtained according to the general 
procedure for the removal of the TMS group99 from (E)-dimethyl 
2-(3-(1-(tert-butyldimethylsilyloxy)cyclopropyl)but-2-enyl)-2-(3-
(trimethylsilyl)prop-2-ynyl)malonate (41.60 mg, 0.09 mmol). 
Purification was carried out by flash column chromatography over SiO2 
(cyclohexane/ethyl acetate 90:10 ) to yield 27.90 mg of  pale yellow oil (79% yield). 
1H NMR (400 MHz, CDCl3) δ 5.19 (tq, J = 7.6, 1.4 Hz, 1H), 3.73 (s, 6H), 2.81 (dq, J = 
7.6, 0.5 Hz, 2H), 2.75 (d, J = 2.7, 2H), 2.00 (t, J = 2.7, 1H), 2.03-1.97 (m, 3H), 0.84 (s, 
9H), 0.80-0.76 (m, 2H), 0.69-0.65 (m, 2H), 0.04 (s, 6H). 13C NMR (101 MHz, CDCl3) δ 
170.4, 141.6, 116.9, 79.2, 71.5, 61.0, 57.1, 52.9, 30.6, 25.9, 22.9, 18.0, 14.1, 13.5, -3.6. 
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The title compound was obtained according to the general 
procedure for the gold(I)-cascade cyclizations from (Z)-
dimethyl 2-(3-(1-(tert-butylximethylsilyloxy)cyclopropyl)but-2-
enyl)-2-(prop-2-ynyl)malonate (14 mg, 0.035 mmol) using  catalyst H (0.05 equiv, 1.66 
mg, 1.75 µmol) at 25 ºC. Purification was carried out by flash column chromatography 
over SiO2 (pentane/Et2O, 90:10 to 80:10) to yield 2.40 mg of yellow oil (yield: 17%). 
1H NMR (500 MHz, CDCl3) δ 5.31-5.29 (m, 1H), 3.75 (s, 3H), 3.71 (s, 3H), 2.98-2.96 
(m, 1H), 2.87-2.86 (m, 1H), 2.66-2.60 (m, 1H), 2.29 (dd, J = 12.6, 7.4 Hz, 1H), 2.19-2.16 
(m, 1H), 2.16-2.13 (m, 1H), 1.71-1.68 (m, 1H), 1.68-1.64 (m, 1H), 1.42-1.40 (m, 1H), 
1.04 (s, 3H), 0.86 (s, 9H), 0.05 (s, 3H), 0.00 (s, 3H). 13C NMR (126 MHz, CDCl3) δ 
173.1, 172.4, 150.6, 125.8, 91.6, 61.3, 60.3, 53.0, 52.9, 50.7, 35.8, 33.7, 33.5, 30.5, 25.9, 





The title compound was obtained according to the general 
procedure for the cyclopropanation of silyl enol ethers from (E)-
dimethyl 2-(4-(tert-butyldimethylsilyloxy)-3-methylpenta-2,4-
dienyl)-2-(prop-2-ynyl)malonate (100.00 mg, 0.26 mmol). Purification was carried out 
by flash column chromatography over SiO2 (cyclohexane/ethyl acetate 98:2 to 80:20) to 
yield 85.00 mg of the product as a pale yellow oil and as a mixture of the syn- and anti-
isomers (syn/anti 2.5:1), (yield: 82%). 
1H NMR (500 MHz, CDCl3) δ 5.36-5.34 (m, 1H), 3.77 (s, 3H), 3.75 (s, 3H), 3.04-2.98 
(m, 1H), 2.99-2.97 (m, 1H), 2.87-2.84 (m, 1H), 2.31 (dd, J = 12.7, 7.6 Hz, 1H), 2.21-2.14 
(m, 1H), 2.12-2.04 (m, 1H), 2.00-1.94 (m, 1H), 1.86-1.81 (m, 1H), 1.44-1.38 (m, 1H), 
1.15 (bs, 3H), 0.88 (s, 9H), 0.04 (s, 3H), -0.00 (s, 3H). 13C NMR (126 MHz, CDCl3) δ 
172.8, 172.5, 151.9, 124.0, 91.3, 63.9, 58.7, 53.0, 52.9, 50.4, 33.15, 33.13, 32.7, 25.9, 
21.4, 19.2, 18.1, -2.6, -2.7. 
 
Dimethyl 2-(3-trimethylsilyl)prop-2-ynyl)malonate (28)98  
The title compound was prepared according to the procedure 
below and obtained as a bright yellow oil (21%, 300 mg). To a 
solution of diisopropylamine (3.0 equiv, 1.78 g, 17.63 mmol) in THF (0.29 mol/L) at -78 
ºC under argon, nBuLi (2.5 M in hexanes, 3.0 equiv, 7.05 mL, 17.63 mmol) was added 
and the resulting mixture was stirred for 30 min. Then dimethyl 2-(prop-2-ynyl)malonate 
(1.0 equiv, 1.00 g, 5.88 mmol) was dropwise added and the orange solution was stirred 
for 1 h.  TMSCl (1.8 equiv, 1.15 g, 10.58 mmol) was added to the reaction mixture, after 
the addition, the dark orange solution was warmed to 25 ºC and stirred overnight. The 
reaction was quenched with water, the organic layer was washed with water and the 
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over anhydrous MgSO4, filtered and concentrated under vacuo. Purification was carried 
out by flash column chromatography over SiO2 (cyclohexane/EtOAc 95:5). 
1H NMR (500 MHz, CDCl3) 3.74 (s, 6H), 3.58 (t, J = 7.8 Hz, 1H), 2.79 (d, J = 7.7 Hz, 
2H), 0.11 (s, 9H). 13C NMR (126 MHz, CDCl3) δ 168.4, 102.1, 87.3, 52.8, 51.3, 20.0, 




The title compound was prepared according to the general 
procedure for the Tsuji-Trost allylation95 from dimethyl 2-(3-
trimethylsilyl)prop-2-ynyl)malonate (350.00 mg, 1.45 mmol) and 
ethyl 3-methyl-4-oxopent-1-en-3-yl carbonate (224.00 mg, 1.20 
mmol). Purification was carried out by flash column chromatography over SiO2 
(cyclohexane/ethyl acetate 9:1) to afford 252.00 mg of pale yellow oil (62% yield). 
1H NMR (400 MHz, CDCl3) δ 6.43 (tq, J = 7.5, 1.4 Hz, 1H), 3.75 (s, 6H), 3.04-2.97 (m, 
2H), 2.83 (s, 2H), 2.28 (s, 3H), 1.82 (q, J = 1.0 Hz, 3H), 0.10 (s, 9H). 13C NMR (75 
MHz, CDCl3) δ 199.5, 170.0, 141.0, 135.8, 100.8, 89.0, 57.0, 53.0, 32.1, 25.7, 24.9, 11.5, 




The title compound was prepared according to the general 
procedure for the enolyzation of enones from (E)-dimethyl 2-(3-
methyl-4-oxopent-2-enyl)-2-(3-(trimethylsilyl)prop-2-
ynyl)malonate (191.00 mg, 0.56 mmol). Purification was carried 
out by flash column chromatography over SiO2 (cyclohexane/ethyl acetate 9:1 with few 
drops of Et3N for silica deactivation) to yield 184.00 mg of pale yellow oil (72% yield). 
1H NMR (400 MHz, CDCl3) δ 5.77 (t, J = 7.9 Hz, 1H), 4.44 (bs, 1H), 4.27 (bs, 1H), 3.72 
(s, 6H), 2.93 (d, J = 8.0 Hz, 2H), 2.78 (s, 2H), 1.80 (bs, 3H), 0.94 (s, 9H), 0.15 (s, 6H), 
0.12 (s, 9H). 13C NMR (101 MHz, CDCl3) δ 170.3, 156.9, 135.3, 120.8, 101.6, 92.0, 
88.2, 57.4, 52.8, 31.2, 26.0, 24.2, 18.3, 13.5, 0.1, -4.6. HRMS-ESI calculated for 




The title compound was prepared according to the general 
procedure for the cyclopropanation of silyl enol ethers97 from (E)-
dimethyl2-(4-(tert-butyldimethylsilyloxy)-3-methylpenta-2,4-
dienyl)-2-(3-(trimethylsilyl)prop-2-ynyl)malonate (100.00 mg, 
0.22 mmol). Purification was carried out by flash column chromatography over SiO2 
(cyclohexane/ethyl acetate 8:2) to yield 42.00 mg of pale yellow oil (40% yield). 
1H NMR (500 MHz, CDCl3) δ 5.15 (tq, J = 7.6, 1.3 Hz, 1H), 3.69 (s, 6H), 2.78 (d, J = 
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0.63 (m, 2H), 0.10 (s, 9H), 0.02 (s, 6H). 13C NMR (126 MHz, CDCl3) δ 170.4, 141.5, 
117.1, 101.6, 88.2, 60.9, 57.3, 52.7, 30.5, 25.9, 24.1, 18.0, 14.1, 13.5, 0.0, -3.7. HRMS-




The title compound was obtained according to the general 
procedure for the gold(I)-cascade cyclizations from (Z)-dimethyl 2-
(3-(1-(tert-butylximethylsilyloxy)cyclopropyl)but-2-enyl)-2-(prop-
2-ynyl)malonate (14 mg, 0.035 mmol) using  catalyst F (0.05 
equiv, 1.66 mg, 1.75 µmol) at 25 ºC. Purification was carried out by flash column 
chromatography over SiO2 (pentane/Et2O, 90:10 to 80:10) to yield 7.6 mg of pale yellow 
oil as a mixture of syn and anti-isomers (syn/anti 1:5), (yield: 78%). 
1H NMR (500 MHz, CDCl3) δ 5.17-5.12 (m, 1H), 5.09-5.07 (m, 1H), 3.73 (s, 3H), 3.72 
(s, 3H), 3.02-2.98 (m, 1H), 2.97-2.94 (m, 1H), 2.94-2.92 (m, 1H), 2.91-2.89 (m, 1H), 
2.87-2.85 (m, 1H), 2.61 (ddd, J = 13.2, 8.1, 2.0 Hz, 1H), 2.03-1.98 (m, 1H), 1.94 (dd, J = 
13.2, 10.3, Hz, 1H), 1.76-1.72 (m, 1H), 1.24 (s, 3H). 13C NMR (101 MHz, CDCl3) δ 
213.4, 171.9, 171.8, 147.2, 111.0, 66.2, 58.4, 53.01, 52.96, 45.6, 43.0, 42.4, 36.2, 23.0, 




The title compound was obtained according to the general 
procedure for the gold(I)-catalyzed cyclization of enynes from (E)-
dimethyl 2-(3-(1-(tert-butyldimethylsilyloxy)cyclopropyl)but-2-
enyl)-2-(prop-2-ynyl)malonate (25.90 mg, 0.07 mmol) and catalyst 
A (0.05 equiv, 2.53 mg, 3.28 µmol) at 25 ºC. Purification was carried out by flash 
column chromatography over SiO2 (cyclohexane/ethyl acetate 98:2 to 90:10) to yield 
5.30 mg of pale yellow oil as a mixture of the syn- and anti-isomers (syn/anti 5.5:1), 
(yield: 29 %). 
1H NMR (500 MHz, CDCl3) δ 5.07-5.05 (m, 1H), 4.84-4.82 (m, 1H), 3.73 (s, 3H), 3.72 
(s, 3H), 3.03 (dd, J = 10.2, 6.9 Hz, 1H), 2.99-2.95 (m, 1H), 2.95-2.94 (m, 1H), 2.91-2.89 
(m, 1H), 2.88-2.85 (m, 1H), 2.62 (ddd, J = 13.3, 8.1, 1.9 Hz, 1H), 2.07-2.01 (m, 1H), 
1.86 (dd, J = 13.3, 10.5, 1H), 1.75 (ddd, J = 11.4, 10.3, 6.1 Hz, 1H), 1.20 (s, 3H). 13C 
NMR (101 MHz, CDCl3) δ 215.2, 171.8, 171.4, 148.0, 110.0, 67.0, 58.5, 52.99, 52.97, 
45.6, 43.2, 42.9, 36.4, 22.8, 19.2. HRMS-ESI calculated for C15H20NaO5[M+Na]+: 
303.1203; found: 303.1196. 
 
Dimethyl 2-(2,2-dimethoxyethyl)malonate (35)100  
The title compound was prepared from dimethyl malonate (10.0 g, 
76.00 mmol), according to the procedure below, and obtained as a 
colorless oil (10.6 g, 48.10 mmol, 64%). Dimethyl malonate (1.0 equiv, 














UNIVERSITAT ROVIRA I VIRGILI 
GOLD CATALYSIS: FROM FUNDAMENTALS TO THE SYNTHESIS OF BULLVALENES AND NATURALLY 
OCCURRING SESQUITERPENES 
Sofia Ferrer Cabrera 
	 123 
of NaH (60% wt, 1.1 equiv, 3.33 g, 83.00 mmol) in anhydrous DMF (0.67 mol/L). The 
resulting mixture was stirred for 2 h whereupon 2-bromo-1,1-dimethoxyethane (1.2 
equiv, 15.35 g, 91 mmol) was dropwise added over 10 min. The reaction mixture was 
heated at 100 ºC for 5 h, then cooled to room temperature and quenched with ice water. 
The aqueous layer was extracted with EtOAc (x3) and the combined organic layers were 
washed with brine (x3), dried over anhydrous MgSO4, filtered and concentrated. The 
crude product was purified by column chromatography on silica gel (eluent: 9:1 
cyclohexane:ethyl acetate). 
1H NMR (400 MHz, CDCl3) δ 4.41 (t, J = 5.5 Hz, 1H), 3.75 (s, 6H), 3.54 (t, J = 7.2 Hz, 
1H), 3.32 (s, 6H), 2.23 (dd, J = 7.2, 5.5 Hz, 2H). 13C NMR (101 MHz, CDCl3) δ 169.8 
(2xC, quat.), 102.7 (CH), 53.7 (2xC, CH3), 52.7 (2xC, CH3), 47.6 (CH), 32.0 (CH2). 
HRMS-ESI: calculated for C9H16NaO6 [M+Na]+: 243.0839; found = 243.0841.  
 
Dimethyl 2-(2,2-dimethoxyethyl)-2-(prop-2-ynyl)malonate (36) 
A solution of dimethyl 2-(2,2-dimethoxyethyl)malonate (1 equiv, 1.00 
g, 4.54 mmol) in THF (0.67 mol/L) was dropwise added over 20 min 
to a suspension of NaH (60% wt, 1.7 equiv, 0.31 g, 7.72 mmol) in 
anhydrous THF (1.10 mol/L) and anhydrous DMF (1.10 mol/L) at 0 ºC. The resulting 
mixture was stirred for 30 min until formation of a homogeneous suspension. Then a 
solution of propargyl bromide (1.1 equiv, 0.74 g, 5.00 mmol) in anhydrous THF (0.7 
mol/L) was dropwise added over 15 min at 0 ºC. The resulting yellow suspension was 
stirred overnight at 25 ºC. The reaction was quenched with brine, the aqueous layer was 
extracted with Et2O (x3). The combined organic layers were washed with brine (x3), 
dried over MgSO4 and concentrated under vacuo. Purification was carried out by flash 
column chromatography over SiO2 (cyclohexane/AcOEt 8:1) to afford 672.00 mg of the 
product as a yellow oil (yield: 58%). 
1H NMR (500 MHz, CDCl3) δ 4.45 (t, J = 5.6 Hz, 1H), 3.73 (s, 6H), 3.32 (s, 6H), 2.89 (d, 
J = 2.7 Hz, 2H), 2.41 (d, J = 5.6 Hz, 2H), 2.03 (t, J = 2.7 Hz, 1H). 13C NMR (75 MHz, 
CDCl3) δ 170.4, 102.0, 78.9, 71.9, 54.7, 53.9, 52.9, 35.6, 23.7. HRMS-ESI calculated 
for C12H18NaO6 [M+Na]+: 281.0996; found: 281.0995. 
 
Dimethyl 2-(2-oxoethyl)-2-(prop-2-ynyl)malonate (37) 
The title compound was prepared according to the general procedure for 
the hydrolysis of acetals from dimethyl 2-(2,2-dimethoxyethyl)-2-(prop-
2-ynyl)malonate (854.90 mg, 3.31 mmol). Purification was carried out 
by flash column chromatography over SiO2 (cyclohexane/ethyl acetate 
6:1) to yield 504.00 mg of white solid (yield: 72%). 
1H NMR (500 MHz, CDCl3) δ 9.75 (t, J = 1 Hz, 1H), 3.77 (s, 6H), 3.28 (d, J = 1 Hz, 
2H), 3.00 (d, J = 2.7 Hz, 2H), 2.06 (t, J = 2.7 Hz, 1H). 13C NMR (75 MHz, CDCl3) δ 
198.5, 169.3, 78.6, 72.3, 53.9, 53.3, 45.9, 23.8. HRMS-ESI calculated for C10H12NaO5 
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Dimethyl (Z)-2-(3-methyl-4-oxopent-2-en-1-yl)-2-(prop-2-yn-1-yl)malonate (38) 
The title compound was prepared according to the general procedure 
for the Still-Gennari Z-selective Horner-Wadsworth-Emmons 
olefination101 from dimethyl 2-(2-oxoethyl)-2-(prop-2-ynyl)malonate 
(200.00 mg, 0.94 mmol). Purification was carried out by flash column 
chromatography over SiO2 (cyclohexane/ethyl acetate 9:1) to yield 
162.00 mg of pale yellow oil (yield: 65%). 
1H NMR (500 MHz, CDCl3) δ 5.49 (tq, J = 7.6, 1.6 Hz, 1H), 3.72 (s, 6H), 3.02 (dq, J = 
7.6, 1.4 Hz, 2H), 2.78 (d, J = 2.7 Hz, 2H), 2.24 (s, 3H), 1.99 (t, J = 2.7 Hz, 1H), 1.92 (q, 




The title compound was prepared according to the general procedure 
for the enolyzation of enones from dimethyl (Z)-2-(3-methyl-4-
oxopent-2-en-1-yl)-2-(prop-2-yn-1-yl)malonate (162.00 mg, 0.61 
mmol). Purification was carried out by flash column chromatography 
over SiO2 (cyclohexane/ethyl acetate 9:1 with two drops of Et3N) to 
yield 150.00 mg of pale yellow oil (yield: 64%). 
1H NMR (500 MHz, CDCl3) δ 5.06 (tq, J = 7.1, 1.5 Hz, 1H), 4.33 (d, J = 1.1 Hz, 1H), 
4.21 (d, J = 1.0 Hz, 1H), 3.72 (s, 6H), 3.02 (dq, J = 7.2, 1.4 Hz, 2H), 2.79 (d, J = 2.7 Hz, 
2H), 1.96 (t, J = 2.7 Hz, 1H), 1.79 (q, J = 1.4 Hz, 3H), 0.92 (s, 9H), 0.17 (s, 6H). 
 
Dimethyl (Z)-2-(3-(1-((tert-butyldimethylsilyl)oxy)cyclopropyl)but-2-en-1-yl)-2-
(prop-2-yn-1-yl) malonate (40) 
The title compound was obtained according to the general procedure for 
the removal of the TMS group99 from (Z)-dimethyl 2-(3-(1-(tert-
butyldimethylsilyloxy)cyclopropyl)but-2-enyl)-2-(3-
(trimethylsilyl)prop-2-ynyl)malonate (1.89 g, 4.05 mmol). The crude 
product was purified by column chromatography on silica gel (eluent: 95:5 
cyclohexane:ethyl acetate) to afford the product as colorless oil (96%, 1.53 g, 3.9 mmol). 
1H NMR (400 MHz, CDCl3) δ 5.10-5.00 (m, 1H), 3.74 (s, 6H), 3.09 (dq, J = 6.9, 1.5 Hz, 
2H), 2.81 (d, J = 2.7 Hz, 2H), 2.00 (t, J = 2.7 Hz, 1H), 1.74 (q, J = 1.5 Hz, 3H), 0.88-
0.84 (m, 2H), 0.83 (s, 9H), 0.66-0.62 (m, 2H), 0.06 (s, 6H). 13C NMR (75 MHz, CDCl3) 
δ 170.7 (2xC, quat.), 140.1 (quat.), 122.8 (CH), 79.3 (quat.), 71.5 (CH), 57.1 (quat.), 55.9 
(quat.), 52.9 (2xC, CH3), 31.6 (CH2), 25.8 (3xC, CH3), 23.4 (CH2), 22.7 (CH3), 17.9 
(quat.), 14.4 (2xC, CH2), -3.7 (2xC, CH3). HRMS-ESI: calculated for C21H34NaO5Si 
[M+Na]+: 417.2068; found = 417.2063. 
 
Bis(2,2,2-trifluoroethyl) 2-oxopropylphosphonate (42) 
The title compound was obtained according to a modified literature 
procedure.102 A previously dried round-bottom flask was charged 
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-20 ºC under argon. A solution of 1,1,1,3,3,3-hexamethyldisilazane (3.0 equiv, 9.31 g, 
57.70 mmol) in THF (5 mol/L) was added dropwise over 10 min and the resulting 
mixture was stirred at -20 ºC for 30 min. The solution was cooled to -90 ºC upon 
formation of a white suspension. A solution of bis(2,2,2-
trifuoroethyl)methylphosphonate (1.0 equiv, 5.00 g, 19.23 mmol) in THF (0.9 mol/L) 
was added dropwise over 30 min and the reaction mixture was stirred at -90 ºC for 30 
min. Then a solution of acetyl chloride (1.5 equiv, 2.26 g, 28.80 mmol) in THF (1.7 
mol/L) was dropwise added over 20 min in which time the reaction mixture became clear 
and yellow. The resulting solution was stirred at -78 ºC for 2.5 h. The reaction mixture 
was quenched by slowly acidifying with HCl (10%) at -78 ºC and it was allowed to 
warm to room temperature. The organic layer was separated and the aqueous layer was 
extracted with CH2Cl2 (x3). The combined organic layers were dried over MgSO4, 
filtered and concentrated to give the crude product as a yellow oil. Purification was 
carried out by flash column chromatography over SiO2 (Et2O/cyclohexane 3:1 to Et2O) 
to afford 1.53 g of the product as a pale yellow oil (yield: 26%). 
1H NMR (300 MHz, CDCl3) δ 4.46 (dq, J = 9.0, 8.0 Hz, 4H), 3.31 (d, J = 21.8 Hz, 1H), 
2.34 (d, J = 0.7 Hz, 3H). 13C NMR (126 MHz, CDCl3) 198.64 (d, J = 6.8 Hz), 122.56 
(qd, J = 277.4, 8.3 Hz), 62.49 (qd, J = 38.1, 5.6 Hz), 42.24 (d, J = 137.9 Hz), 31.60 (d, J 
= 4.8 Hz). 
 
Bis(2,2,2-trifluoroethyl) 3-oxobutan-2-ylphosphonate (43) 
The title compound was obtained according to a modified literature 
procedure.102 To a stirred solution of bis(2,2,2-trifluoroethyl) 2-
oxopropylphosphonate (1.0 equiv, 1.50 g, 5.08 mmol) in anhydrous 
DMSO (0.3 mol/L) under argon at 25 ºC was slowly added NaH 
(60% wt, 1.1 equiv, 0.22 g, 5.59 mmol) at room temperature. The reaction mixture was 
stirred until formation of a homogeneous suspension (ca. 30 min), then methyl iodide 
(1.1 equiv, 0.79 g, 5.59 mmol) was drowpise added and the resulting mixture was stirred 
under argon overnight. The reaction was quenched with water, the organic layer was 
extracted with CH2Cl2, the combined organic layers were washed with water, brine, dried 
over MgSO4, filtered and concentrated to give a yellow oil. Purification was carried out 
by flash column chromatography over SiO2 (eluent: 2:1.5 to 2:1 Et2O:cyclohexane) to 
yield 0.87 g of the product as a pale yellow oil (compound 43 was obtained together with 
dimethylated product as an inseparable mixture). The final product was used in the Z-
selective HWE reaction without further purification.  
1H NMR (500 MHz, CDCl3) δ 4.44-4.38 (m, 4H), 3.36 (dq, J = 23.8, 7.2 Hz, 1H), 2.34 
(s, 3H), 1.45 (dd, J = 19.5, 7.2 Hz, 3H). 13C NMR (126 MHz, CDCl3) δ 202.5 (d, J = 4.6 
Hz), 122.6 (qm, J = 280.1Hz), 62.6 (dq, J = 27.3, 6.2), 62.3 (dd, J = 16.2, 6.3 Hz), 46.9 
(d, J = 133.2 Hz), 30.1 (d, J = 2.0 Hz), 10.9 (d, J = 6.8 Hz). HRMS-ESI calculated for 







UNIVERSITAT ROVIRA I VIRGILI 
GOLD CATALYSIS: FROM FUNDAMENTALS TO THE SYNTHESIS OF BULLVALENES AND NATURALLY 
OCCURRING SESQUITERPENES 
Sofia Ferrer Cabrera 
	 126 
Dimethyl 2-(2,2-dimethoxyethyl)-2-(3-(trimethylsilyl)prop-2-yn-1-yl) malonate (45) 
The title compound was prepared from dimethyl malonate (6.0 g, 
27.2 mmol), according to the procedure below, and obtained as a 
brownish oil (7.3 g, 22.09 mmol, 81%). A solution of dimethyl 2-
(2,2-dimethoxyethyl)malonate (1.0 equiv, 6.00 g, 27.2 mmol) in 
THF (1.5 mL/mmol) was dropwise added over 20 min to a suspension of NaH (60% wt, 
1.5 equiv, 1.635 g, 32.7 mmol) in anhydrous THF (70mL) and anhydrous DMF (60mL) 
at 0 ºC. The resulting mixture was stirred for 30 min until formation of a homogeneous 
suspension. Then a solution of (3-bromoprop-1-ynyl)trimethylsilane (1.2 equiv, 6.25 g, 
32.7 mmol)  in anhydrous THF (1.4 mL/mmol) was dropwise added over 15 min at 0 ºC. 
The resulting yellow suspension was stirred overnight at 25 ºC. The reaction was 
quenched with NH4Cl saturated solution, the aqueous layer was extracted with Et2O (x3). 
The combined organic layers were washed with brine (x4), dried over MgSO4 and 
concentrated under vacuo. The crude product was purified by column chromatography 
on silica gel (eluent: 8:1 cyclohexane:ethyl acetate). 
1H NMR (400 MHz, CDCl3) δ 4.44 (t, J = 5.6 Hz, 1H), 3.72 (s, 6H), 3.32 (s, 6H), 2.90 (s, 
2H), 2.39 (d, J = 5.7 Hz, 2H), 0.13 (s, 9H). 13C NMR (75 MHz, CDCl3) δ 170.5 (2xC, 
quat.), 102.2 (CH), 101.3 (quat.), 88.7 (quat.), 54.9 (quat.), 54.0 (2xC, CH3), 52.8 (2xC, 
CH3), 35.6 (CH2), 25.1 (CH2), -0.1 (3xC, CH3). HRMS-ESI: calculated for 
C15H26NaO6Si [M+Na]+: 353.1391; found = 353.1387.  
 
Dimethyl 2-(2-oxoethyl)-2-(3-(trimethylsilyl)prop-2-yn-1-yl) malonate (46) 
The title compound was prepared according to the general 
procedure for the hydrolysis of acetals from dimethyl 2-(2,2-
dimethoxyethyl)-2-(3-(trimethylsilyl)prop-2-ynyl)malonate (7.73 g, 
17.34 mmol). The crude product was purified by column chromatography on silica gel 
(eluent: 6:1 cyclohexane:ethyl acetate) to yield the product as a yellow oil (81%, 4.00 g, 
14.06 mmol). 
1H NMR (400 MHz, CDCl3) δ 9.76 (t, J = 1.0 Hz, 1H), 3.76 (s, 6H), 3.23 (d, J = 1.1 Hz, 
2H), 2.99 (s, 2H), 0.13 (s, 9H). 13C NMR (101 MHz, CDCl3) δ 198.7 (CH, aldehyde), 
169.5 (2xC, quat.), 100.9 (quat.), 89.3 (quat.), 54.4 (quat.), 53.3 (2xC, CH3), 46.3 (CH2), 
25.5 (CH2), 0.0 (3xC, CH3). HRMS-ESI: calculated for C13H20NaO5Si [M+Na]+: 




The title compound was prepared according to the general 
procedure for the Still-Gennari Z-selective Horner-Wadsworth-
Emmons olefination101 from dimethyl 2-(2-oxoethyl)-2-(3-
(trimethylsilyl)prop-2-ynyl)malonate (2.05 g, 7.21 mmol). The 
crude product was purified by column chromatography on silica gel (eluent: 8:1 
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1H NMR (500 MHz, CDCl3) δ 5.52 (tq, J = 7.5, 1.4 Hz, 1H), 3.73 (s, 6H), 3.03 (dq, J = 
7.6, 1.4 Hz, 2H), 2.81 (s, 2H), 2.27 (s, 3H), 1.93 (q, J = 1.4Hz, 3H), 0.12 (s, 9H). 13C 
NMR (75 MHz, CDCl3) δ 202.9 (quat.), 170.2 (2xC, quat.), 139.5 (quat.), 129.8 (CH), 
101.0 (quat.), 88.7 (quat.), 57.3 (quat.), 52.9 (2xCH3), 32.3 (CH2), 30.0 (CH3), 24.8 
(CH2), 21.2 (CH3), 0.0 (3xC, CH3). HRMS-ESI: calculated for C17H26NaO5Si [M+Na]+: 
361.1442; found = 361.1449. 
 
Dimethyl (Z)-2-(4-((tert-butyldimethylsilyl)oxy)-3-methylpenta-2,4-dien-1-yl)-2-(3-
(trimethylsilyl)prop-2-yn-1-yl) malonate (48) 
The title compound was prepared according to the general 
procedure for the enolyzation of enones from (Z)-dimethyl2-
(3methyl-4-oxopent-2-enyl)-2-(3-(trimethylsilyl)prop-2-ynyl) 
malonate (1.89 g, 5.58 mmol). The crude product was purified by 
column chromatography on silica gel (eluent: 98:1 cyclohexane:ethyl acetate, with few 
drops of Et3N for silica deactivation) to afford the product as a pale yellow oil (95%, 2.4 
g, 5.3 mmol). 
1H NMR (400 MHz, CDCl3) δ 5.09 (tq, J = 7.1, 1.5 Hz, 1H), 4.35 (d, J = 1.1 Hz, 1H), 
4.25 (d, J = 1.1 Hz, 1H), 3.72 (s, 6H), 3.01 (dq, J = 7.1, 1.5 Hz, 2H), 2.81 (s, 2H), 1.80 (q, 
J = 1.4 Hz, 3H), 0.94 (s, 9H), 0.18 (s, 6H), 0.11 (s, 9H). 13C NMR (75 MHz, CDCl3) δ 
170.6 (2xC, quat.), 156.0 (quat.), 137.7 (quat.), 121.9 (CH), 101.6 (quat.), 94.5 (CH2), 
88.1 (quat.), 57.6 (quat.), 52.8 (2xC, CH3), 32.3 (CH2), 25.9 (3xC, CH3), 24.6 (CH2), 
22.9 (CH3), 18.3 (quat.), 0.1 (3xC, CH3), -4.4 (2xC, CH3). HRMS-ESI: calculated for 
C23H40NaO5Si2 [M+Na]+: 475.2306; found = 475.2306. 
 
Dimethyl (Z)-2-(3-(1-((tert-butyldimethylsilyl)oxy)cyclopropyl)but-2-en-1-yl)-2-(3-
(trimethylsilyl)prop-2-yn-1-yl) malonate (49) 
The title compound was prepared according to the general 
procedure for the cyclopropanation of silyl enol ethers97 from (Z)-
dimethyl 2-(4-(tert-butyldimethylsilyloxy)-3-methylpenta-2,4-
dienyl)-2-(3-(trimethylsilyl)prop-2-ynyl) malonate (1.99 g, 4.40 
mmol). The crude product was purified by column chromatography on silica gel (eluent: 
95:5 cyclohexane:ethyl acetate) to afford the product as a pale yellow oil (89%, 1.83 g, 
3.9 mmol). 
1H NMR (300 MHz, CDCl3) δ 5.05 (tq, J = 7.0, 1.6 Hz, 1H), 3.72 (s, 6H), 3.08 (dq, J = 
7.0, 1.6 Hz, 2H), 2.81 (s, 2H), 1.74 (q, J = 1.5 Hz, 3H), 0.89-0.85 (m, 2H), 0.84 (s, 9H), 
0.69-0.62 (m, 2H), 0.13 (s, 9H), 0.006 (s, 6H). 13C NMR (75 MHz, CDCl3) δ 170.7 (2xC, 
quat.), 139.9 (quat.), 123.2 (CH), 101.8 (quat.), 88.1 (quat.), 57.4 (quat.), 55.9 (quat.), 
52.7 (2xC, CH3), 31.7 (CH2), 25.8 (3xC, CH3), 24.8 (CH2), 22.7 (CH3), 17.9 (quat.), 14.5 
(2xC, CH2), 0.1 (3xC, CH3), -3.7 (2xC, CH3). HRMS-ESI: calculated for 
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Dimethyl 2-(3-bromoprop-2-ynyl)-2-(2,2-dimethoxyethyl)malonate (50)106 
AgNO3 (0.1 equiv, 33.9 mg, 0.2 mmol) and NBS (1.5 equiv, 533.00 
mg, 3.00 mmol) were added to a solution of dimethyl 2-(2,2-
dimethoxyethyl)-2-(prop-2-ynyl)malonate (1.0 equiv, 516.00 mg, 
1.99 mmol) in degassed acetone (0.2 mol/L). The reaction mixture was stirred for 2 h at 
25 ºC. The reaction was quenched with H2O, the aqueous layer was extracted with 
diethyl ether (x3) and the combined organic layers were washed with brine (x3), dried 
over MgSO4 and concentrated under vacuo to afford the product as a yellow oil which 
was used in the following reaction without further purification. 
1H NMR (500 MHz, CDCl3) δ 4.43 (t, J = 5.6 Hz, 1H), 3.73 (s, 6H), 3.31 (s, 6H), 2.91 (s, 
2H), 2.38 (d, J = 5.6 Hz, 2H). 13C NMR (126 MHz, CDCl3) δ 170.1, 101.9, 74.8, 54.5, 
53.7, 52.8, 41.8, 35.6, 24.8. HRMS-ESI calculated for C12H17BrNaO6 [M+Na]+: 
359.0101; found: 359.0087. 
 
Dimethyl 2-(3-bromoprop-2-ynyl)-2-(2-oxoethyl)malonate (51) 
The title compound was prepared according to the general procedure 
for the hydrolysis of acetals from dimethyl 2-(3-bromoprop-2-ynyl)-
2-(2,2-dimethoxyethyl)malonate (743.00 mg, 2.20 mmol). 
Purification was carried out by flash column chromatography over 
SiO2 (cyclohexane/ethyl acetate 8:2) to yield 469.00 mg of yellow oil (yield over two 
steps: 60%). 
1H NMR (500 MHz, CDCl3) δ 9.74 (t, J = 0.9 Hz, 1H), 3.76 (s, 6H), 3.25 (d, J = 0.9 Hz, 
2H), 3.02 (s, 2H). 13C NMR (101 MHz, CDCl3) δ 198.3, 169.1, 74.6, 53.8, 53.2, 46.0, 
42.5, 25.0. HRMS-ESI calculated for C10H11BrNaO5 [M+Na]+: 312.9682; found: 
312.9680. 
 
(Z)-Dimethyl 2-(3-bromoprop-2-ynyl)-2-(3-methyl-4-oxopent-2-enyl)malonate (52) 
The title compound was prepared according to the general procedure 
for the Still-Gennari Z- selective Horner-Wadsworth-Emmons 
olefination101 from dimethyl 2-(3-bromoprop-2-ynyl)-2-(2-
oxoethyl)malonate (469.00 mg, 1.61 mmol). Purification was carried 
out by flash column chromatography over SiO2 (cyclohexane/ethyl acetate 5:1) to yield 
423.00 mg of yellow oil (yield: 76%). 
1H NMR (500 MHz, CDCl3) δ 5.50 (tq, J = 7.6, 1.5 Hz, 1H), 3.74 (s, 6H), 3.02 (dq, J = 
7.6, 1.4 Hz, 2H), 2.82 (s, 2H), 2.26 (s, 3H), 1.94 (q, J = 1.4 Hz, 3H). 13C NMR (101 
MHz, CDCl3) δ 202.8, 170.0, 139.6, 129.5, 74.8, 56.8, 53.0, 41.9, 32.2, 29.7, 24.6, 21.1. 
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The title compound was prepared according to the general procedure 
for the enolyzation of enones from (Z)-dimethyl 2-(3-bromoprop-2-
ynyl)-2-(3-methyl-4-oxopent-2-enyl)malonate (494.50 mg, 1.43 
mmol). Purification was carried out by flash column chromatography 
over SiO2 (cyclohexane/ethyl acetate 9:1 with two drops of Et3N) to 
yield 520.00 mg of pale yellow oil (yield: 65%). 
1H NMR (500 MHz, CDCl3) δ 5.05 (tq, J = 7.1, 1.4 Hz, 1H), 4.36 (d, J = 1.1 Hz, 1H), 
4.22 (d, J = 1.2 Hz, 1H), 3.73 (s, 6H), 3.02 (dq, J = 7.1, 1.4 Hz, 2H), 2.81 (s, 2H), 1.80 (q, 
J = 1.4 Hz, 3H), 0.94 (s, 9H), 0.19 (s, 6H). 13C NMR (126 MHz, CDCl3) δ 170.4, 155.9, 
138.0, 121.5, 94.3, 75.2, 57.2, 52.9, 41.4, 32.3, 25.9, 24.4, 22.8, 18.3, -4.5. HRMS-ESI 




The title compound was prepared according to the general 
procedure for the cyclopropanation of silyl enol ethers97 from (Z)-
dimethyl2-(3-bromoprop-2-ynyl)-2-(4-(tert-butyldimethylsilyloxy)-
3-methylpenta-2,4-dienyl)malonate (520.00 mg, 1.13 mmol). 
Purification was carried out by flash column chromatography over SiO2 
(cyclohexane/ethyl acetate 9:1) to yield 427.00 mg of pale yellow oil (yield: 77%). 
1H NMR (300 MHz, CDCl3) δ 5.03 (tq, J = 6.9, 1.5 Hz, 1H), 3.74 (s, 6H), 3.08 (dq, J = 
6.9, 1.6 Hz, 2H), 2.82 (s, 2H), 1.74 (q, J = 1.5 Hz, 3H), 0.89-0.86 (m, 2H), 0.84 (s, 9H), 
0.67-0.62 (m, 2H), 0.07 (s, 6H). 13C NMR (126 MHz, CDCl3) δ 170.6, 140.3, 122.8, 
75.4, 57.0, 55.9, 52.9, 41.5, 31.8, 25.7, 24.6, 22.7, 17.9, 14.4, -3.7. HRMS-ESI 




The title compound was obtained according to the general 
procedure for the gold(I)-cascade cyclizations from (Z)-dimethyl2-
(3-bromoprop-2-ynyl)-2-(3-(1-(tert-
butyldimethylsilyloxy)cyclopropyl)but-2-3nyl)malonate (40.40 mg, 
0.08 mmol) using catalyst F (0.05 equiv, 3.29 mg, 4.27 µmol) at 25 
ºC for 24 h. Purification was carried out by flash column chromatography over SiO2 
(cyclohexane/ethyl acetate 95:5) to yield 15.20 mg of pale yellow oil as a mixture of the 
syn- and anti-isomers (syn/anti 1:4.5), (yield: 50 %). 
1H NMR (400 MHz, CDCl3) δ 6.24-6.19 (m, 1H), 3.76 (s, 3H), 3.71 (s, 3H), 3.10 (ddd, J 
= 9.1, 5.5, 1.5 Hz, 1H), 3.04-2.98 (m, 1H), 2.96-2.89 (m, 1H), 2.87-2.85 (m, 2H), 2.80-
2.72 (m, 1H), 2.40 (dd, J = 14.2, 5.5 Hz, 1H), 2.36-2.23 (m, 1H), 1.70 (ddd, J = 11.5, 
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145.2, 103.4, 67.7, 58.7, 53.2, 53.1, 46.2, 43.5, 42.9, 34.6, 23.8, 21.5. HRMS-ESI 




The title compound was obtained according to the general procedure 
for the gold(I)-cascade cyclizations from (Z)-dimethyl2-(3-
bromoprop-2-ynyl)-2-(3-(1-(tert-
butyldimethylsilyloxy)cyclopropyl)but-2-3nyl)malonate (36.98 mg, 
0.08 mmol) using Zn(OTf)2 as catalyst (0.1 equiv, 2.84 mg, 7.81 µmol). Instead of 
cyclization removal the TBS group took place to afford the title compound. Purification 
was carried out by flash column chromatography over SiO2 (cyclohexane/ethyl acetate 
95:5) to yield 10.00 mg of pale yellow oil (yield:  37 %). 
1H NMR (500 MHz, CDCl3) δ 5.10 (tq, J = 7.8, 1.5 Hz, 1H), 3.76 (s, 6H), 3.05 (dd, J = 





The title compound was obtained according to a slightly modified 
procedure of the Nozaki-Hiyama-Kishi reaction.107 To a previously 
dried 10 mL Schlenk flask, chromium(II) chloride (4.5 equiv, 
108.00 mg, 0.88 mmol), nickel(II) chloride (0.5 equiv, 12.3 mg, 
0.10 mmol), and 4 Å activated molecular sieves were suspended in 1.95 mL DMF (0.1 
mol/L) at 0 ºC. Cyclobutanone (R*,Z)-dimethyl 3-(bromomethylene)-4-((R*)-1-methyl-
2-oxocyclobutyl)cyclopentane-1,1-dicarboxylate (1.0 equiv, 70.00 mg, 0.19 mmol) 
disolved in DMF 0.1 mL (1.95 mol/L) was then added. An additional portion of DMF 
(0.1 mL) was used to rinse the flask and added to the reaction mixture, which was then 
allowed to warm to 25 ºC. After 12 h, the reaction mixture was diluted with ethyl ether, 
filtered through Florisil, concentrated in vacuo and then washed with brine (x3) to 
remove the DMF. The organic layer was dried over MgSO4, filtered and concentrated 
under vacuo. Purification was carried out by flash column chromatography over SiO2 
(pentane/ether 98:2 to 80:10) to yield 18.00 mg of pale yellow oil as a mixture of the syn- 
and anti-isomers (syn/anti 1:3.5), (yield: 33 %). 
1H NMR (500 MHz, CDCl3) δ 5.37-5.33 (m, 1H), 3.78 (s, 3H), 3.74 (s, 3H), 2.98-2.96 
(m, 1H), 2.95-2.94 (m, 1H), 2.77-2.71 (m, 1H), 2.35-2.30 (m, 1H), 2.28-2.24 (m, 1H), 
2.22-2.15 (m, 1H), 1.79-1.73 (m, 1H), 1.62 (t, J = 12.5 Hz, 1H), 1.53-1.47 (m, 1H), 1.12 
(s, 3H). 13C NMR (126 MHz, CDCl3) δ 172.8, 172.5, 152.5, 125.1, 91.1, 61.4, 60.1, 53.1, 
53.0, 50.1, 35.9, 33.5, 32.0, 30.2, 15.5. HRMS-ESI calculated for C15H20NaO5 [M+Na]+: 
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Dimethyl (Z)-2-(3-(1-((tert-butyldimethylsilyl)oxy)cyclopropyl)but-2-en-1-yl)-2-(4-
oxopent-2-yn-1-yl) malonate (60) 
The title compound was prepared according to procedure below and 
obtained as a pale yellow oil (71%, 377 mg, 0.863 mmol). An oven-
dried Schlenk under argon atmosphere was charged with dimethyl 
(Z)-2-(3-(1-((tert-butyldimethylsilyl)oxy)cyclopropyl)but-2-en-1-
yl)-2-(prop-2-yn-1-yl) malonate (480 mg, 1.216 mmol, 1 equiv) in 
anhydrous THF (12.2 mL, 0.1 M in enyne) the resulting solution was cooled to -78 ºC 
before adding nBuLi (2.5 M in hexanes, 0.73 mL, 1.825 mmol, 1.5 equiv) and stirring for 
30 min at this temperature. Then acetic anhydride (373 mg, 0.345 mL, 3.65 mmol, 3 
equiv) was added and the reaction mixture was stirred at -78 ºC for 2 h. The reaction 
was quenched with water, the aqueous layer was extracted with AcOEt (x3). The 
combined organic layers were washed with brine (x1) dried over anhydrous Na2SO4, 
filtered and concentrated under vacuo. The crude product was purified by column 
chromatography on silica gel (eluent: 95:5 cyclohexane:ethyl acetate). 
1H NMR (300 MHz, CDCl3) δ 5.09-4.97 (m, 1H), 3.76 (s, 6H), 3.14-3.05 (m, 2H), 2.97 
(s, 2H), 2.30 (bs, 3H), 1.73 (d, J = 1.5 Hz, 3H), 0.92-0.87 (m, 2H), 0.84 (s, 9H), 0.67-
0.60 (m, 2H), 0.06 (s, 6H). 13C NMR (101 MHz, CDCl3) δ 184.2 (quat.), 170.3 (2xC, 
quat.), 140.8 (quat.), 122.7 (CH), 88.5 (quat.), 83.4 (quat.), 56.9 (quat.), 55.9 (quat.), 53.0 
(2xC, CH3), 32.9 (CH3), 32.2 (CH2), 25.7 (3xC, CH3), 24.0 (CH2), 22.7 (CH3), 17.9 
(quat.), 14.4 (2xC, CH2), -3.6 (2xC, CH3). HRMS-ESI: calculated for C23H36NaO6Si 




The title compound was prepared according to procedure below 
and obtained as pale yellow oil (75%, 278 mg, 0.637 mmol). To a 
solution of dimethyl (Z)-2-(3-(1-((tert-
butyldimethylsilyl)oxy)cyclopropyl)but-2-en-1-yl)-2-(4-oxopent-
2-yn-1-yl) malonate (1.0 equiv, 370.0 mg, 0.847 mmol) in 
anhydrous Et2O (8.5 mL, 0.1 mol/L) in a microwave vial, was added 
tBuXPhosAuNCMeBArF gold(I) catalyst (0.5 mol%, 6.47 mg, 4.24 µmol), the vial was 
fitted with a cap and the solution was stirred at 40 ºC for 8 h. The reaction was quenched 
with a drop of Et3N, concentrated under vacuo and the crude purified by flash column 
chromatography over SiO2 (eluent: 5:1 to 2:1 pentane:Et2O). 
1H NMR (400 MHz, CDCl3) δ 3.77 (s, 3H), 3.74 (s, 3H), 3.45 (d, J = 17.5 Hz, 1H), 3.16 
(d, J = 17.8 Hz, 1H), 2.84 (dd, J = 13.5, 7.3 Hz, 1H), 2.51-2.42 (m 1H), 2.39 (dd, J = 
12.3, 7.3 Hz, 1H), 2.36-2.29 (m, 1H), 2.28 (s, 3H), 1.78-1.72 (m, 1H), 1.71-1.65 (m, 1H), 
1.46-1.37 (m, 1H), 1.06 (s, 3H), 0.83 (s, 9H), 0.15 (s, 3H), 0.06 (s, 3H). 13C NMR (101 
MHz, CDCl3) δ 196.5 (quat.), 172.3 (quat.), 171.1 (quat.), 162.0 (quat.), 136.6 (quat.), 
92.3 (quat.), 62.4 (CH), 60.5 (quat.), 53.3 (CH3), 53.1 (CH3), 49.1 (quat.), 34.8 (CH2), 
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(CH3), -2.0 (CH3), -2.4 (CH3). HRMS-ESI: calculated for C23H36NaO6Si [M+Na]+: 




The title compound was prepared according to procedure below 
and obtained as a pale yellow oil (57%, 189.4 mg, 0.434 mmol). 
An oven-dried Schlenk under argon atmosphere was charged with 
dimethyl (E)-2-(3-(1-((tert-
butyldimethylsilyl)oxy)cyclopropyl)but-2-en-1-yl)-2-(prop-2-yn-1-yl)malonate (301 mg, 
0.763 mmol, 1 equiv) in anhydrous THF (7.6 mL, 0.1 M in enyne). The resulting 
solution was cooled to -78 ºC before adding nBuLi (2.5 M in hexanes, 0.458 mL, 1.144 
mmol, 1.5 equiv) and stirring for 30 min at this temperature. Then acetic anhydride (234 
mg, 0.216 mL, 2.288 mmol, 3 equiv) was added and the reaction mixture was stirred at 
-78 ºC for 2 h. The reaction was quenched with water, the aqueous layer was extracted 
with AcOEt (x3). The combined organic layers were washed with brine (x1) dried over 
anhydrous Na2SO4, filtered and concentrated under vacuo. The crude product was 
purified by column chromatography on silica gel (eluent: 95:5 cyclohexane:ethyl acetate). 
1H NMR (500 MHz, CDCl3) δ 5.18 (tq, J = 7.6, 1.3 Hz, 1H), 3.74 (s, 6H), 2.92 (s, 2H), 
2.80 (d, J = 7.5 Hz, 2H), 2.29 (s, 3H), 1.71 (d, J = 1.0 Hz, 3H), 0.83 (s, 9H), 0.81-0.78 
(m, 2H), 0.70-0.66 (m, 2H), 0.03 (s, 6H). 13C NMR (101 MHz, CDCl3) δ 184.1 (quat.), 
170.0 (quat. 2xC), 142.1 (quat.), 116.2 (CH), 88.0 (quat.), 83.5 (quat.), 60.8 (quat.), 56.9 
(quat.) 53.1 (CH3, 2xC), 32.9 (CH3), 30.9 (CH2), 25.9 (CH3, 3xC), 23.3 (CH2), 18.0 
(quat.), 14.1 (CH3), 13.6 (CH2, 2xC), -3.6 (CH3, 2xC). HRMS-ESI: calculated for 




The title compound was prepared according to procedure below 
and obtained as pale yellow oil (30%, 18.0 mg, 0.041 mmol). To 
a solution of dimethyl (2aR,2bR,6aS)-6-acetyl-6a-((tert-
butyldimethylsilyl)oxy)-2a-methyl-2,2a,2b,3,5,6a-
hexahydrocyclobuta[a]pentalene-4,4(1H)-dicarboxylate malonate 
(1.0 equiv, 60 mg, 0.137 mmol) in anhydrous Et2O (1.4 mL, 0.1 mol/L) in a microwave 
vial, was added tBuXPhosAuNCMeBArF gold(I) catalyst (0.05 equiv, 10.48 mg, 6.87 
µmol), the vial was fitted with a cap and the solution was heated at 40 ºC for 8 h. The 
reaction was quenched with a drop of Et3N, concentrated under vacuo and the crude 
purified by flash column chromatography over SiO2 (eluent: 5:1 to 2:1 pentane:Et2O). A 
second purification was carried out by preparative TLC over SiO2 (eluent 4:1 
cyclohexane:AcOEt). 
1H NMR (400 MHz, CDCl3) δ 3.78 (s, 3H), 3.75 (s, 3H), 3.36 (dt, J = 19.7, 1.6 Hz, 1H), 
3.17 (dd, J= 19.9, 2.3 Hz, 1H), 3.16-3.10 (m, 1H), 2.41-2.36 (m, 1H), 2.37-2.31 (m, 1H), 
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1.21-1.16 (m, 1H), 1.17 (s, 3H), 0.86 (s, 9H), 0.04 (s, 3H), -0.03 (s, 3H). 13C NMR (126 
MHz, CDCl3) δ 196.3 (quat.), 172.3 (quat.), 171.7 (quat.), 166.4 (quat.) 136.2 (quat.), 
91.3 (quat.), 63.9 (quat.) 59.1 (CH), 53.3 (CH3), 53.1 (CH3), 50.2 (quat.), 36.0 (CH2), 
33.1 (CH2), 32.2 (CH2), 30.3 (CH3), 26.1 (CH3, 3xC), 21.6 (CH2), 19.3 (CH3), 18.5 
(quat.), -2.6 (CH3), -2.8 (CH3). HRMS-ESI: calculated for C23H36NaO6Si [M+Na]+: 




The title compound was 
prepared according to the 
general procedure for the 
gold(I), Lewis and 
Bronsted acid catalyzed 
cyclization cascades, of 
(Z)-2-(3-(1-((tert-
butyldimethylsilyl)oxy)c
yclopropyl)but-2-en-1-yl)-2-(4-oxopent-2-yn-1-yl) malonate. Purification of the crude by 
flash column chromatography on silica gel (eluent: 2:1 cyclohexane:AcOEt) afforded the 
product as a beige solid (53% yield when employing Tf2NH as catalyst).                              
1H NMR (500 MHz, CDCl3) δ 3.78 (s, 6H), 3.52 (s, 2H), 3.18 (q, J = 1.6 Hz, 2H), 2.30 
(s, 3H), 2.15 (q, J = 3.4 Hz, 2H), 1.67 (t, J = 1.5 Hz, 3H), 1.38 (q, J = 3.4 Hz, 2H). 13C 
NMR (126 MHz, CDCl3) δ 191.5 (quat.), 171.8 (2xC, quat.), 158.7 (quat.), 146.4 (quat.), 
140.7 (quat.), 133.9 (quat.), 64.9 (quat.), 53.3 (2xC, CH3), 43.7 (quat.), 38.2 (CH2), 33.3 
(CH2), 29.7 (CH3), 18.0 (2xC, CH2), 10.2 (CH3). HRMS-ESI: calculated for C17H20NaO5 
[M+Na]+: 327.1203; found = 327.1188. M.p. = 128-131 ºC. Structure confirmed by X-




The title compound was prepared according to the procedure below 
and obtained as a pale yellow oil (36%, 7.2 mg, 0.016 mmol). To a 
solution of (Z)-2-(3-(1-((tert-butyldimethylsilyl)oxy)cyclopropyl)but-
2-en-1-yl)-2-(4-oxopent-2-yn-1-yl)malonate (1.0 equiv, 20 mg, 0.046 
mmol) in anhydrous CH2Cl2 (0.45 mL, 0.1 mol/L) in a vial, was 
added ZnCl2 (0.1 equiv, 0.624 mg, 4.58 µmol), the vial was fitted with a cap and the 
solution was stirred at 25 ºC for 17 h. The reaction was quenched with a drop of Et3N, 
concentrated under vacuo and the crude purified by SiO2 preparative TLC (eluent: 6:1 
Cyclohexane:AcOEt). 
1H NMR (500 MHz, CDCl3) δ 6.12 (q, J = 2.5 Hz, 1H), 5.17 (s, 1H), 4.38 (s, 1H), 3.77-
3.75 (m, 1H), 3.73 (s, 3H), 3.36 (s, 3H), 3.54-3.46 (m, 1H), 3.33 (dt, J = 20.1, 2.9 Hz, 
1H), 2.75 (ddd, J = 13.0, 7.6, 1.9 Hz, 1H), 2.29-2.23 (m, 1H), 2.18 (s, 3H), 0.86-0.85 (m, 
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CDCl3) δ 198.1 (quat.), 172.1 (quat.), 171.7 (quat.), 164.5 (quat.), 151.4 (quat.), 121.8 
(CH), 112.0 (CH2), 91.3 (quat.), 59.0 (quat.), 53.0 (CH3), 53.0 (CH3), 48.3 (CH), 41.4 
(CH2), 40.8 (CH2), 31.6 (CH3), 25.9 (CH3, 3xC), 18.1 (quat.), 13.4 (CH2, 2xC), -3.2 





The title compound was prepared according to the procedure 
below and obtained as pale yellow oil that solidified upon 
standing (76%, 226 mg, 0.515 mmol). In a Schlenk flask 
palladium on carbon (10% wt., 57.2 mg, 0.054 mmol, 0.07 equiv) 
was placed and put under argon. AcOEt (HPLC grade, 10mL) was subsequently added 
and then the Schlenk was put under H2 atmosphere (H2 balloon). Dimethyl 
(2aR*,2bS*,6aS*)-6-acetyl-6a-((tert-butyldimethylsilyl)oxy)-2a-methyl-2,2a,2b,3,5,6a-
hexahydrocyclobuta[a]pentalene-4,4(1H)-dicarboxylate in AcOEt (HPLC grade, 5.5 mL, 
total solvent 0.05 M in tricycle) was added to the Schlenk and the reaction mixture was 
stirred at 45 ºC for 4 days. The H2 atmosphere was replaced by Ar, the suspension was 
filtered through Teflon (0.2 µm) and the resulting solution was concentrated under vacuo. 
The crude product was purified by column chromatography on silica gel (eluent: 7:1 to 
5:1 cyclohexane:ethyl acetate). 
1H NMR (500 MHz, CDCl3) δ 3.71 (s, 3H), 3.67 (s, 3H), 3.20 (d, J = 6.0 Hz, 1H), 2.85-
2.79 (m, 1H), 2.79-2.71 (m, 1H), 2.41-2.36 (m, 1H), 2,36-2,34 (m, 1H), 2.34-2.31 (m, 
1H), 2.31-2.30 (m, 1H), 2.30-2.28 (m, 1H), 2.28-2.24 (m, 1H), 2.18 (s, 3H), 1.70 (ddd, J 
= 11.5, 9.3, 2.9 Hz, 1H), 1.36 (dt, J = 11.4, 8.6 Hz, 1H), 1.07 (s, 3H), 0.82 (s, 9H), 0.18 
(s, 3H), 0.07 (s, 3H). 13C NMR (126 MHz, CDCl3) δ 206.2 (quat.), 173.4 (quat.), 172.7 
(quat.), 86.7 (quat.), 64.1 (CH), 62.0 (quat.), 54.5 (quat.), 52.8 (CH3), 52.7 (CH3), 52.5 
(CH), 48.5 (CH), 37.5 (CH2), 34.4 (CH2), 32.2 (CH2), 32.0 (CH2), 31.9 (CH3), 25.9 (3xC, 
CH3), 19.3 (CH3), 18.4 (quat.), -0.9 (CH3), -1.8 (CH3). HRMS-ESI: calculated for 




The title compound was prepared according to the previous 
procedure and obtained as a pale yellow oil (10%, 35 mg, 0.080 
mmol). 
1H NMR (500 MHz, CDCl3) δ 3.72 (s, 3H), 3.71 (s, 3H), 3.15-
3.06 (m, 1H), 3.04 (t, J = 13.1 Hz, 1H), 2.48 (dd, J = 14.6, 7.5 Hz, 1H), 2.39 (dd, J = 
13.4, 7.1 Hz, 1H), 2.20 (s, 3H), 2.17 (dd, J = 6.6, 1.8 Hz, 1H), 2.17-2.07 (m, 2H), 2.06-
1.98 (m, 1H), 1.89 (t, J = 12.9 Hz, 1H), 1.48 (td, J = 11.3, 4.1 Hz, 2H), 1.10 (s, 3H), 0.92 
(s, 9H), 0.20 (s, 3H), 0.04 (s, 3H). 13C NMR (75 MHz, CDCl3) δ 209.5 (quat.), 173.4 
(quat.), 173.0 (quat.), 87.5 (quat.), 69.6 (CH), 61.4 (quat.), 54.4 (CH), 53.5 (quat.), 52.9 
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(3xC, CH3), 18.7 (CH3), 18.3 (quat.), -1.6 (CH3), -2.0 (CH3). HRMS-ESI: calculated 





The title compound was prepared according to procedure below and 
obtained as white solid (73%, 44% major epimer and 29% minor 
epimer; 530 mg, 1.378 mmol). In a Schlenk flask under argon, 
LiAlH4 (288 mg, 7.58 mmol, 4 equiv) was placed and suspended in 
anhydrous Et2O (8 mL). It was cooled at 0 ºC, then a solution of 
dimethyl (2aR*,2bS*,5aR*,6R*,6aR*)-6-acetyl-6a-((tert-butyldimethylsilyl)oxy)-2a-
methyloctahydrocyclobuta[a]pentalene-4,4(1H)-dicarboxylate (831 mg, 1.895 mmol, 1 
equiv) in anhydrous Et2O (8 mL, total solvent 0.1 M in tricycle) was added dropwise and 
the reaction mixture was warmed from 0 to 25 ºC in 2 h. The reaction was quenched with 
MeOH, then saturated aqueous solution of potassium sodium tartrate was added. The 
organic phase was washed with the same saturated solution (x1) and then the aqueous 
phase was saturated with NaCl and extracted (x7) with a 10:1 mixture CH2Cl2:MeOH. 
The combined organic extracts were dried over Na2SO4 and the solvent was removed 
under reduced pressure. The crude product was purified by column chromatography on 
silica gel (eluent: 3:1 AcOEt:cyclohexane to AcOEt). 
 (Major secondary alcohol epimer, 65) 1H NMR (400 MHz, CDCl3) δ 4.17-4.02 (m, 1H), 
3.61 (s, 2H), 3.54 (s, 2H), 2.68-2.55 (m, 1H), 
2.50 (bs, 1H), 2.34 (td, J = 9.0, 5.3 Hz, 1H), 
2.22-2.18 (m, 1H), 2.15-2.08 (m, 1H), 1.63 
(dd, J = 12.7, 7.1 Hz, 1H), 1.59-1.52 (m, 
2H), 1.52-1.47 (m, 1H), 1.44-1.38 (m, 1H), 
1.38-1.30 (m, 2H), 1.27 (d, J = 6.2 Hz, 3H), 
1.25 (bs, 1H), 1.05 (s, 3H), 0.90 (s, 9H), 0.22 
(s, 3H), 0.13 (s, 3H). 13C NMR (101 MHz, 
CDCl3) δ 85.5 (quat.), 72.4 (CH2), 68.2 
(CH2), 67.2 (CH), 59.7 (CH), 54.4 (quat.), 
52.2 (CH), 50.1 (quat.), 48.2 (CH), 32.9 (CH2), 32.9 (CH2), 32.8 (CH2), 31.7 (CH2), 26.2 
(3xC, CH3), 22.8 (CH3), 19.7 (CH3), 18.7 (quat.), -0.7 (CH3), -2.1 (CH3). HRMS-ESI: 
calculated for C21H40NaO4Si [M+Na]+: 407.2588; found = 407.2580. M.p. = 138-144 ºC. 
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(Minor secondary alcohol epimer, 65’) 1H NMR (500 MHz, CDCl3) δ 4.14-4.06 (m, 
1H), 3.68-3.59 (m, 2H), 3.60-3. 54 (m, 2H), 
2.86 (dq, J = 14.9, 6.9 Hz, 1H), 2.31 (td, J = 
9.0, 5.4 Hz, 1H), 2.19-2.13 (m, 1H, from 
CH2), 2.13 (t, J = 7.75 Hz, 1H), 2.01 (bs, 3H 
from 3xOH)1.97 (dd, J = 9.3, 3.4 Hz, 1H from 
CH2), 1.95 (dd, J = 7.6, 1.9 Hz, 1H, from 
CH2), 1.86 (dd, J = 12.5, 6.9 Hz, 1H, from 
CH2), 1.56 (td, J = 10.6, 9.8, 1.8 Hz, 1H from 
CH2), 1.53-1.50 (m, 1H from CH2), 1.50-1.46 
(m, 1H from CH2), 1.39 (dd, J = 14.3, 5.4 Hz, 
1H from CH2), 1.29 (d, J = 6.1 Hz, 3H), 1.05 (s, 3H), 0.88 (s, 9 H), 0.22 (s, 3H), 0.10 (s, 
3H). 13C NMR (126 MHz, CDCl3) δ 86.2 (quat.), 72.4 (CH2), 68.0 (CH2), 67.4 (CH), 
58.5 (CH), 54.9 (quat.), 51.7 (CH), 50.3 (quat.), 47.7 (CH), 33.7 (CH2), 32.9 (CH2), 32.2 
(CH2), 31.9 (CH2), 26.3 (CH3, 3xC), 23.2 (CH3), 19.9 (CH3), 18.7 (quat.), -0.4 
(CH3), -1.6 (CH3). HRMS-ESI: calculated for C21H40NaO4Si [M+Na]+: 407.2588; found 





yl)methyl 4-methylbenzenesulfonate (66a) From major secondary alcohol epimer. 
The title compound was prepared according to procedure below109 
and obtained as white solid (63%, 44.2 mg, 0.082 mmol). An oven-
dried Schlenk was charged with SnBu2O (6.47 mg, 0.026 mmol, 
0.2 equiv), p-toluenesulfonyl chloride (25.5 mg, 0.134 mmol, 1.03 
equiv) and ((2aR*,2bS*,5aR*,6S*,6aR*)-6a-((tert-butyldimethylsilyl)oxy)-6-((S*)-1-
hydroxyethyl)-2a-methyldecahydrocyclobuta[a]pentalene-4,4-diyl)dimethanol (50 mg, 
0.130 mmol, 1 equiv) solids, put under argon atmosphere and dissolved in anhydrous 
CH2Cl2 (3.7 mL, 0.035 M in tricycle). Et3N (19.73 mg, 27.2 µL, 0.195 mmol, 1.5 equiv) 
was added to the resulting solution and the reaction mixture was stirred at 25 ºC for 24 h. 
The mixture was filtered through cotton and the filtrate concentrated under vacuo. The 
crude product was purified by column chromatography on silica gel (eluent: 4:1 to 2:1 
cyclohexane:ethyl acetate). 
1H NMR (400 MHz, CDCl3) δ 7.79 (d, J = 8.3 Hz, 2H), 7.38-7.33 (m, 2H), 4.02 (dq, J = 
9.9, 6.2 Hz, 1H), 3.93 (d, J = 9.7 Hz, 1H), 3.83 (d, J = 9.7 Hz, 1H), 3.55 (d, J = 10.9 Hz, 
1H), 3.38 (d, J = 10.9 Hz, 1H), 2.55-2.46 (m, 1H), 2.45 (s, 3H), 2.26 (ddd, J = 13.4, 9.8, 
5.2 Hz, 1H), 2.19-2.13 (m, 1H), 2.12-2.05 (m, 2H), 1.60-1.55 (m, 2H), 1.55-1.49 (m, 2H), 
1.44-1.35 (m, 2H), 1.33-1.28 (m, 2H), 1.21 (d, J = 6.2 Hz, 3H), 1.02 (s, 3H), 0.89 (s, 9H), 
0.21 (s, 3H), 0.12 (s, 3H). 13C NMR (101 MHz, CDCl3) δ 145.0 (quat.), 133.2 (quat.), 
130.1 (2xC, CH), 128.0 (2xC, CH), 85.4 (quat.), 71.1 (CH2), 67.1 (CH2), 67.0 (CH), 59.5 
(CH), 54.3 (quat.), 52.0 (CH), 50.0 (quat.), 47.9 (CH), 33.0 (CH2), 32.7 (CH2), 32.6 
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-0.7 (CH3), -2.2 (CH3). HRMS-ESI: calculated for C28H46NaO6SSi [M+Na]+: 561.2677; 




yl)methyl 4-methylbenzenesulfonate (66b) From major secondary alcohol epimer. 
The title compound was prepared according to the previous 
procedure and obtained as white solid (25%, 17.5 mg, 0.032 mmol). 
1H NMR (400 MHz, CDCl3) δ 7.78 (d, J = 8.3 Hz, 2H), 7.37-7.31 
(m, 2H), 4.04-3.99 (m, 1H), 3.97 (d, J = 9.4 Hz, 1H), 3.74 (d, J = 
9.5 Hz, 1H), 3.40 (q, J = 11.3 Hz, 2H), 2.66-2.51 (m, 1H), 2.45 (s, 3H), 2.30 (td, J = 9.0, 
4.8 Hz, 1H), 2.18-2.13 (m, 1H), 2.12-2.05 (m, 2H), 1.57-1.50 (m, 2H), 1.49-1.39 (m, 2H), 
1.31 (dd, J = 7.7, 4.5 Hz, 2H), 1.28 (bs, 1H), 1.25 (bs, 1H), 1.24 (d, J = 6.2 Hz, 3H), 0.88 
(s, 3H), 0.84 (s, 9H), 0.18 (s, 3H), 0.11 (s, 3H). 13C NMR (101 MHz, CDCl3) δ 145.0 
(quat.), 132.9 (quat.), 130.0 (2xC, CH), 128.1 (2xC, CH), 85.4 (quat.) 74.8 (CH2), 67.0 
(CH), 63.5 (CH2), 59.5 (CH), 54.2 (quat.), 52.3 (CH), 49.4 (quat.), 48.1 (CH), 32.8 (CH2), 
32.7 (CH2), 32.6 (CH2), 31.7 (CH2), 26.2 (3xC, CH3), 22.8 (CH3), 21.8 (CH3), 19.6 (CH3), 
18.7 (quat.), -0.8 (CH3), -2.2 (CH3). HRMS-ESI: calculated for C28H46NaO6SSi 




yl)methyl 4-methylbenzenesulfonate (66a’) From minor secondary alcohol epimer. 
The title compound was prepared according to the previous 
procedure and obtained as white solid (43%, 30.2 mg, 0.056 
mmol). 
1H NMR (400 MHz, CDCl3) δ 7.83-7.77 (m, 2H), 7.37-7.31 (m, 
2H), 4.11-4.00 (m, 1H), 3.99-3.84 (m, 2H), 3.49 (dd, J = 60.0, 11.0 
Hz, 2H), 2.81-2.67 (m, 1H), 2.45 (s, 3H), 2.30-2.20 (m, 1H), 2.18-2.11 (m, 1H from 
CH2), 2.09 (t, J = 6.0 Hz, 1H), 1.94 (ddd, J = 10.5, 7.8, 2.0 Hz, 1H from CH2), 1.74 (dd, 
J = 13.0, 6.9 Hz, 1H from CH2), 1.59-1.56 (m, 2H), 1.54-1.51 (m, 1H from CH2), 1.51-
1.44 (m, 2H), 1.26 (d, J = 6.1 Hz, 3H), 1.03 (s, 3H), 0.86 (s, 9H), 0.21 (s, 3H), 0.09 (s, 
3H). 13C NMR (126 MHz, CDCl3) δ 145.0 (quat. ar), 133.1 (quat. ar), 130.0 (CHar, 2xC), 
128.0 (CHar, 2xC), 86.2 (quat.), 71.2 (CH2), 67.2 (CH2), 67.1 (CH), 58.3 (CH), 54.8 
(quat.), 51.6 (CH), 50.2 (quat.), 47.4 (CH), 33.7 (CH2), 32.9 (CH2), 32.1 (CH2), 31.8 
(CH2), 26.3 (CH3, 3xC), 23.2 (CH3), 21.8 (CH3), 19.7 (CH3), 18.6 (quat.), -0.4 (CH3)          
-1.7 (CH3). HRMS-ESI: calculated for C28H46NaO6SSi [M+Na]+: 561.2677; found = 
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yl)methyl 4-methylbenzenesulfonate (66b’) From minor secondary alcohol epimer. 
The title compound was prepared according to the previous 
procedure and obtained as white solid (27%, 19,2 mg, 0.036 mmol). 
1H NMR (500 MHz, CDCl3) δ 7.80-7.74 (m, 2H), 7.36-7.32 (m, 
2H), 4.01 (dd, J = 8.4, 6.1 Hz, 1H), 3.88 (dd, J = 144.9, 9.4 Hz, 2H), 
3.43-3.40 (m, 2H), 2.88-2.77 (m, 1H), 2.45 (s, 3H), 2.26 (td, J = 8.9, 5.0 Hz, 1H), 2.13-
2.10 (m, 1H from CH2), 2.10-2.05 (m, 1H), 1.96-1.90 (m, 1H from CH2), 1.78 (dd, J = 
2.9, 7.0 Hz, 1H from CH2), 1.56-1.50 (m, 1H from CH2), 1.43-1.39 (m, 1H from CH2), 
1.39-1.35 (m, 1H from CH2), 1.35-1.32 (m, 1H from CH2), 1.32-1.28 (m, 1H from CH2), 
1.26 (d, J = 4.3 Hz, 3H), 0.89 (s, 3H), 0.82 (s, 9H), 0.17 (s, 3H), 0.08 (s, 3H). 13C NMR 
(101 MHz, CDCl3) δ 144.9 (quat. ar), 133.0 (quat. ar), 130.0 (CHar, 2xC), 128.1 (CHar, 
2xC), 86.0 (quat.), 74.9 (CH2), 67.2 (CH), 63.4 (CH2), 58.5 (CH), 54.8 (quat.), 51.7 (CH), 
49.5 (quat.), 47.6 (CH), 33.0 (CH2), 32.9 (CH2), 32.2 (CH2), 31.9 (CH2), 26.3 (CH3, 3xC), 
23.2 (CH3), 21.8 (CH3), 19.7 (CH3), 18.6 (quat.), -0.5 (CH3), -1.6 (CH3). HRMS-ESI: 
calculated for C28H46NaO6SSi [M+Na]+: 561.2677; found = 561.2669. M.p. = 43-45 ºC. 
 
((2aR*,2bS*,5aR*,6S*,6aR*)-6a-((tert-Butyldimethylsilyl)oxy)-2a-methyloctahydro-
1H-spiro[cyclobuta[a]pentalene-4,3'-oxetan]-6-yl)ethan-1-ol (66c) From major 
secondary alcohol epimer. 
The title compound was prepared according to the procedure below 







methylbenzenesulfonate (17.1 mg, 0.032 mmol, 1 equiv) in anhydrous THF (0.12 mL, 
0.26 M in tricycle) under argon at 0 ºC, LiHBEt3 (1 M in THF, 63.5 µL, 0.063 mmol, 2 
equiv) was added dropwise. The cooling bath was maintained for 30 min, then the 
reaction mixture was stirred at 25 ºC for 2 h. The reaction was quenched with water, the 
aqueous phase was extracted with AcOEt (x4), the combined organic extracts were 
washed with brine (x1), dried over Na2SO4 and the solvent removed under reduced 
pressure. Purification of the crude by flash column chromatography on silica gel (eluent: 
5:1 cyclohexane:AcOEt) afforded the product. 
1H NMR (500 MHz, CDCl3) δ 4.63-4.56 (m, 2H), 4.49-4.44 (m, 2H), 4.16-4.06 (m, 1H), 
2.69-2.58 (m, 1H), 2.27-2.23 (m, 1H), 2.24-2.16 (m, 1H), 2.19-2.10 (m, 1H), 2.10 (t, J = 
7.4 Hz, 1H), 2.05-2.02 (m, 1H), 2.00 (d, J = 3.5 Hz, 1H), 1.95 (ddd, J = 10.7, 7.8, 2.0 Hz, 
1H), 1.78 (t, J = 12.4 Hz, 1H), 1.69 (dd, J = 13.8, 6.2 Hz, 1H), 1.57-1.53 (m, 1H), 1.29 (d, 
J = 6.1 Hz, 3H), 1.01 (s, 3H), 0.86 (s, 9H), 0.21 (s, 3H), 0.10 (s, 3H). 13C NMR (126 
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51.6 (CH), 47.9 (quat.), 47.6 (CH), 39.6 (CH2), 38.5 (CH2), 32.1 (CH2), 31.7 (CH2), 26.3 
(3xC, CH3), 23.3 (CH3), 19.5 (CH3), 18.6 (quat.), -0.5 (CH3), -1.7 (CH3). HRMS-ESI: 




From major secondary alcohol epimer. 
The title compound was 
prepared according to the 
procedure below and obtained 
as white solid (56%, 25 mg, 






methyldecahydrocyclobuta[a]pentalen-4-yl)methyl 4-methylbenzenesulfonate and 
((2aR*,2bS*,5aR*,6S*,6aR*)-6a-((tert-butyldimethylsilyl)oxy)-6-((S*)-1-hydroxyethyl)-
4-(hydroxymethyl)-2a-methyldecahydrocyclobuta[a]pentalen-4-yl)methyl 4-
methylbenzenesulfonate (65.5 mg, 0.122 mmol, 1 equiv) in anhydrous THF (4.0 mL, 
0.03 M in tricycle) under argon at 0 ºC, LiHBEt3 (1 M in THF, 0.608 mL, 0.608 mmol, 5 
equiv) was added dropwise. The cooling bath was maintained for 5 min, then the reaction 
mixture was stirred at 25 ºC for 24 h. The reaction was quenched with water, the aqueous 
phase was extracted with AcOEt (x4), the combined organic extracts were washed with 
brine (x1), dried over Na2SO4 and the solvent removed under reduced pressure. 
Purification of the crude by flash column chromatography on silica gel (eluent: 6:1 to 1:1 
cyclohexane:AcOEt) afforded the product. 
1H NMR (500 MHz, CDCl3) δ 4.10-4.01 (m, 1H), 3.40 (d, J = 2.8 Hz, 2H),  2.79-2.68 
(m, 1H), 2.41 (td, J = 9.0, 6.5 Hz, 1H), 2.21 (dd, J = 9.9, 7.3 Hz, 1H), 2.18-2.11 (m, 1H), 
2.12-2.04 (m, 1H), 1.60 (d, J = 3.4 Hz, 1H), 1.56 (bs, 1H), 1.57-1.50 (m, 1H), 1.50-1.45 
(m, 1H), 1.42 (d, J = 6.2 Hz, 1H), 1.37-1.33 (m, 1H), 1.33-1.30 (m, 1H), 1.27 (d, J = 6.2 
Hz, 3H), 1.25-1.22 (m, 1H), 1.05 (s, 3H), 0.94 (S, 3H), 0.90 (s, 9H), 0.22 (s, 3H), 0.13 (s, 
3H). 13C NMR (126 MHz, CDCl3) δ 85.7 (quat.), 72.8 (CH2), 67.3 (CH), 59.8 (CH), 54.5 
(quat.), 52.0 (CH), 48.0 (CH), 45.9 (quat.), 37.6 (CH2), 37.5 (CH2), 33.0 (CH2), 31.3 
(CH2), 26.2 (3xC, CH3), 22.6 (2xC, CH3), 19.6 (CH3), 18.7 (quat.), -0.7 (CH3), -2.1 
(CH3). HRMS-ESI: calculated for C21H40NaO3Si [M+Na]+: 391.2639; found = 391.2641. 
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(67b) From major secondary alcohol epimer. 
The title compound was prepared according to the previous 
procedure and obtained as white solid (33%, 14.6 mg, 0.040 mmol). 
1H NMR (500 MHz, CDCl3) δ 4.13-4.01 (m, 1H), 3.34 (d, J = 10.5 
Hz, 1H), 3.25 (d, J = 10.5 Hz, 1H), 2.65-2.54 (m, 1H), 2.30 (td, J = 
9.1, 6.0 Hz, 1H), 2.20-2.15 (m, 1H), 2.17-2.10 (m, 1H), 2.12-2.04 (m, 
1H), 1.63 (bs, 2H), 1.56-1.53 (m, 1H), 1.53-1.50 (m, 1H), 1.52-1.45 (m, 1H), 1.42-1.36 
(m, 1H), 1.35-1.33 (m, 1H), 1.32-1.29 (m, 1H), 1.26 (d, J = 6.3 Hz, 3H), 1.06 (s, 3H), 
1.01 (s, 3H), 0.91 (s, 9H), 0.23 (s, 3H), 0.13 (s, 3H). 13C NMR (126 MHz, CDCl3) δ 85.6 
(quat.), 69.5 (CH2), 67.3 (CH), 59.9 (CH), 54.6 (quat.), 52.9 (CH), 48.6 (CH), 45.6 
(quat.), 37.5 (CH2), 37.2 (CH2), 32.9 (CH2), 31.5 (CH2), 26.2 (3xC, CH3), 24.4 (CH3), 
22.7 (CH3), 19.7 (CH3), 18.7 (quat.), -0.7 (CH3), -2.1 (CH3). HRMS-ESI: calculated for 




(67a’) From minor secondary alcohol epimer. 
The title compound was prepared according to the previous procedure 
but adding 10 equiv more of LiHBEt3 after 24 h and stirring for 
additional 60 h. It was obtained as a white solid (51%, 18.1 mg, 0.049 
mmol). 
1H NMR (500 MHz, CDCl3) δ 4.11 (p, J = 6.5 Hz, 1H), 3.42 (bs, 2H), 3.03-2.92 (m, 1H), 
2.39 (td, J = 9.0, 6.6 Hz, 1H), 2.19-2.15 (m, 1H), 2.15-2.12 (m, 1H from CH2), 1.95 (ddd, 
J = 10.7, 7.6, 1.9 Hz, 1H from CH2), 1.54-1.53 (m, 1H from CH2), 1.52-1.49 (m, 1H 
from CH2), 1.48 (dd, J = 6.8, 2.9 Hz, 1H from CH2), 1.39-1.33 (m, 2H), 1.32-1.30 (m, 
1H from CH2), 1.29 (d, J = 6.1 Hz, 3H), 1.05 (s, 3H), 0.97 (s, 3H), 0.88 (s, 9H), 0.22 (s, 
3H), 0.10 (s, 3H). 13C NMR (126 MHz, CDCl3) δ 86.6 (quat.), 72.8 (CH2), 67.4 (CH), 
58.3 (CH), 54.9 (quat.), 51.7 (CH), 47.3 (CH), 46.1 (quat.), 38.5 (CH2), 37.5 (CH2), 32.3 
(CH2), 31.6 (CH2), 26.3 (CH3, 3xC), 23.2 (CH3), 22.6 (CH3), 19.7 (CH3), 18.6 (quat.), 
-0.4 (CH3), -1.7 (CH3). HRMS-ESI: calculated for C21H40NaO3Si [M+Na]+: 391.2639; 




yl)ethan-1-ol (68) From major secondary alcohol epimer. 
The title compound was prepared according to procedure below 
and obtained as pale yellow oil (85%, 27.2 mg, 0.056 mmol). A 
vial was charged with ((2aR*,2bS*,4S*,5aR*,6S*,6aR*)-6a-
((tert-butyldimethylsilyl)oxy)-4-(hydroxymethyl)-2a,4-
dimethyldecahydrocyclobuta[a]pentalen-6-yl)ethan-1-ol (24.5 
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mg, 0.093 mmol, 1.4 equiv) and put under argon. Then anhydrous DMF (55.4 µL, 1.2 M 
in tricycle) was added and the reaction mixture was stirred at 70 ºC for 24 h. The reaction 
was cooled to room temperature and quenched with water. The aqueous phase was 
extracted with AcOEt (x3) and the combined organic extracts were washed with brine 
(x1), dried over Na2SO4 and the solvent removed under reduced pressure. Purification of 
the crude by flash column chromatography on silica gel (eluent: 9:1 cyclohexane: AcOEt) 
afforded the product. 
1H NMR (500 MHz, CDCl3) δ 4.10-3.98 (m, 1H), 3.36-3.29 (m, 2H), 2.75-2.62 (m, 1H), 
2.36 (td, J = 9.2, 6.6 Hz, 1H), 2.19 (dd, J = 10.0, 7.4 Hz, 1H), 2.13 (t, J = 9.5 Hz, 1H), 
2.11-2.02 (m, 1H), 1.60 (bs, 1H), 1.51 (ddd, J = 11.3, 9.5, 2.1 Hz, 1H), 1.38-1.34 (m, 1H), 
1.33 (bs, 1H), 1.32-1.31 (m, 1H), 1.31-1.27 (m, 1H), 1.27 (d, J = 6.2 Hz, 3H), 1.26-1.23 
(m, 1H), 1.03 (s, 3H), 0.91 (s, 9H), 0.90 (s, 3H), 0.88 (s, 9H), 0.22 (s, 3H), 0.12 (s, 3H), 
0.01 (s, 6H). 13C NMR (126 MHz, CDCl3) δ 85.7 (quat.), 73.3 (CH2), 67.4 (CH), 59.9 
(CH), 54.6 (quat.), 52.1 (CH), 48.0 (CH), 46.1 (quat.), 38.3 (CH2), 38.0 (CH2), 33.0 
(CH2), 31.4 (CH2), 26.2 (3xC, CH3), 26.1 (3xC, CH3), 22.9 (CH3), 22.6 (CH3), 19.6 
(CH3), 18.8, (quat.), 18.6 (quat.), -0.7 (CH3), -2.1 (CH3), -5.2 (CH3), -5.3 (CH3). 




yl)ethan-1-ol (68’) From minor secondary alcohol epimer 
The title compound was prepared according to the previous 
procedure and obtained as a pale yellow oil (67%, 6.8 mg, 0.014 
mmol). 
1H NMR (500 MHz, CDCl3) δ 4.13-4.06 (m, 1H), 3.35 (s, 2H), 
3.01-2.87 (m, 1H), 2.38-2.31 (m, 1H), 2.18-2.13 (m, 1H), 2.13-2.09 (m, 1H), 1.94 (ddd, J 
= 10.6, 7.7, 1.9 Hz, 1H), 1.55-1.50 (m, 2H), 1.50-1.41 (m, 2H), 1.36-1.31 (m, 2H), 1.28 
(d, J = 6.1 Hz, 3H), 1.03 (s, 3H), 0.94 (s, 3H), 0.88 (s, 9H), 0.88 (s, 9H), 0.21 (s, 3H), 
0.09 (s, 3H), 0.01 (s, 6H). 13C NMR (126 MHz, CDCl3) δ 86.4 (quat.), 73.4 (CH2), 67.4 
(CH), 58.5 (CH), 55.0 (quat.), 51.7 (CH), 47.4 (CH), 46.3 (quat.), 39.2 (CH2), 38.0 (CH2), 
32.3 (CH2), 31.6 (CH2), 26.3 (CH3, 3xC), 26.1 (CH3, 3xC), 23.1 (CH3), 22.9 (CH3), 19.7 
(CH3), 18.7 (quat.), 18.6 (quat.), -0.4 (CH3), -1.6 (CH3), -5.2 (CH3), -5.3 (CH3). 





The title compound was prepared according to procedure below 
and obtained as pale yellow oil that solidified upon standing 
(99%, 23.3 mg, 0.048 mmol). To a solution of (R*)-1-
((2aR*,2bS*,4S*,5aR*,6S*,6aR*)-6a-((tert-
butyldimethylsilyl)oxy)-4-(((tert-butyldimethylsilyl)oxy)methyl)-2a,4-
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in CH2Cl2 (0.6 mL, 0.08 M in tricycle) at 0 ºC Dess-Martin periodinane solid (104 mg, 
0.245 mmol, 5 equiv) was added. The cooling bath was removed and the reaction 
mixture was stirred at 25 ºC for 7 h. The reaction was quenched with water, the aqueous 
phase was extracted with CH2Cl2 (x4) and the combined organic extracts were washed 
with NaHCO3 saturated solution (x3), dried over Na2SO4 and the solvent removed under 
reduced pressure. Purification of the crude by flash column chromatography on silica gel 
(eluent: 9:1 cyclohexane: AcOEt) afforded the product. 
1H NMR (500 MHz, CDCl3) δ 3.41-3.29 (m, 2H), 3.18 (d, J = 6.8 Hz, 1H), 2.98-2.86 (m, 
1H), 2.35 (td, J = 8.9, 6.2 Hz, 1H), 2.31-2.19 (m, 2H), 2.16 (s, 3H), 1.80 (ddd, J = 12.7, 
6.9, 1.6 Hz, 1H), 1.65 (ddd, J = 11.3, 9.4, 3.0 Hz, 1H), 1.54-1.48 (m, 1H), 1.47-1.43 (m, 
1H), 1.37-1.32 (m, 1H), 1.29 (dd, J = 9.4, 1.7 Hz, 1H), 1.04 (s, 3H), 0.94 (s, 3H), 0.88 (s, 
9H), 0.82 (s, 9H), 0.17 (s, 3H), 0.07 (s, 3H), 0.01 (s, 6H). 13C NMR (126 MHz, CDCl3) δ 
207.5 (quat.), 86.9 (quat.), 73.0 (CH2), 64.7 (CH), 54.5 (quat.), 52.8 (CH), 47.5 (CH), 
46.2 (quat.), 39.8 (CH2), 37.3 (CH2), 32.4 (CH2), 32.1 (CH2), 32.0 (CH3), 26.1 (3xC, 
CH3), 26.1 (3xC, CH3), 23.6 (CH3), 19.6 (CH3), 18.6 (quat.), 18.5 (quat.), -0.9 (CH3), 
-1.9 (CH3), -5.2 (CH3), -5.3 (CH3). IR (neat) 2926, 2906, 2853, 1711, 1471, 1253, 1164, 
1090, 1029 cm-1. HRMS-ESI: calculated for C27H52NaO3Si2 [M+Na]+: 503.3347; found 




 The title compound was 
prepared according to procedure 
below and obtained as a white 
solid (72%, 8.5 mg, 0.033 mmol). 






mg, 0.046 mmol, 1 equiv) in anhydrous THF (0.15 mL, 0.3 M in tricycle) under argon at 
0 ºC, TBAF (1 M in THF, 0.231 mL, 0.231 mmol, 5 equiv) was added dropwise. The ice 
bath was maintained for 5 min then removed. The reaction mixture was stirred at 25 ºC 
for 3 h, then additional TBAF (1 M in THF, 0.231 mL, 0.231 mmol, 5 equiv) was added 
at this temperature and it was stirred for 4 h. The reaction was quenched with water, the 
aqueous phase was extracted with AcOEt (x4) and the combined organic extracts were 
washed with NH4Cl saturated solution (x3), and brine (x2), dried over Na2SO4 and the 
solvent removed under reduced pressure. Purification of the crude by flash column 
chromatography on silica gel (eluent: 5:1 AcOEt:cyclohexane) afforded the product. 
1H NMR (500 MHz, CDCl3) δ 3.40 (d, J = 10.5 Hz, 1H), 3.37 (d, J = 10.5 Hz, 1H), 3.06 
(bq, J = 8.5 Hz, 1H), 2.88 (dd, J = 10.7, 1.7 Hz, 1H), 2.30 (dt, J = 13.4, 7.0 Hz, 1H), 2.18 
(s, 3H), 1.94 (ddd, J = 13.1, 9.4, 4.6 Hz, 1H), 1.87-1.76 (m, 1H), 1.66 (dd, J = 14.1, 7.9 
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1.41 (m, 1H), 1.28 (dd, J = 12.4, 6.9 Hz, 1H), 1.11 (s, 3H), 0.98 (s, 3H). 13C NMR (126 
MHz, CDCl3) δ 209.4 (quat.), 84.4 (quat.), 71.2 (CH2), 69.0 (CH), 53.2 (CH), 51.7 
(quat.), 46.2 (quat.), 42.0 (CH), 40.7 (CH2), 37.9 (CH2), 30.9 (CH3), 28.2 (CH2), 26.8 
(CH2), 26.2 (CH3), 18.1 (CH3). IR (neat) 3294, 2930, 2865, 1708, 1449, 1378, 1262, 
1102, 1028, 798 cm-1. HRMS-ESI: calculated for C15H24NaO3 [M+Na]+: 275.1618; 
found = 275.1622. M.p. = 85-89 ºC. Structure confirmed by X-ray crystallography 
CCDC 1859665. Separation of the enantiomers from the racemic mixture by 
semipreparative HPLC: Column IA, mobile phase Hex/EtOH 85:15, 1 mL/min, 210 nm. 
Specific rotation measurements: Enantiomer 1 (retention time 14.764 min), 1-
((2aR,2bS,4S,5aR,6S,6aR)-6a-hydroxy-4-(hydroxymethyl)-2a,4-
dimethyldecahydrocyclobuta[a]pentalen-6-yl)ethan-1-one: 8 mg/ 2 mL MeOH. ∝ '() = 
+44.8 (c = 0.4, MeOH). Enantiomer 2 (retention time 18.837 min), 1-
((2aS,2bR,4R,5aS,6R,6aS)-6a-hydroxy-4-(hydroxymethyl)-2a,4-
dimethyldecahydrocyclobuta[a]pentalen-6-yl)ethan-1-one: 8 mg/ 2 mL MeOH. ∝ '() = 
-39.3 (c = 0.4, MeOH). 
 
Figure S1. HPLC chromatogram of racemic 70. 
 
 
Figure S2. HPLC chromatograms of (+)-70 and (-)-70 respectively. 
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Ferrocenoate ester of 1-((2aR,2bS,4S,5aR,6S,6aR)-6a-Hydroxy-4-(hydroxymethyl)-
2a,4-dimethyldecahydrocyclobuta[a]pentalen-6-yl)ethan-1-one ((+)-70a) 
The title compound was 
prepared according to the 
procedure below117 and 
obtained as an orange 
solid, enantiomer 1 (68%, 
12.3 mg, 0.026 mmol) 
enantiomer 2 (79%, 14 
mg, 0.030 mmol). To a suspension of 1-((2aR,2bS,4S,5aR,6S,6aR)-
6a-hydroxy-4-(hydroxymethyl)-2a,4-dimethyldecahydrocyclobuta[a]pentalen-6-
yl)ethan-1-one (enantiomer 2, 9.6 mg, 0.038 mmol, 1 equiv), ferrocene carboxylic acid 
(21.88 mg, 0.095 mmol, 2.5 equiv) and DMAP (6.51 mg, 0.053 mmol, 1.4 equiv) were 
added sequentially diisopropyl ethyl amine (26.5µL, 0.152 mmol, 4 equiv) and PyBOP 
(49.5 mg, 0.095 mmol, 2.5 equiv). The reaction mixture was stirred at 25 ºC for 21 hours. 
The reaction was quenched with brine, the aqueous phase was extracted with AcOEt (x4), 
the combined organic extracts were dried over Na2SO4 and the solvent was removed 
under reduced pressure. Purification of the crude by silica gel preparative TLC (eluent: 
2.5:1 cyclohexane: AcOEt) afforded the product, which was precipitated with pentane. 
Single crystals were obtained by slow diffusion using CH2Cl2 and Et2O (solvents) and 
pentane (anti-solvent). Structure confirmed by X-ray diffraction CCDC 1859666. 
1H NMR (500 MHz, CDCl3) δ 4.86-4.80 (m, 2H), 4.40 (t, J = 2.0 Hz, 2H), 4.20 (s, 5H), 
4.05-3.96 (m, 2H), 3.13 (bq, J = 8.2 Hz, 1H), 2.95 (dd, J = 10.7, 1.6 Hz, 1H), 2.35 (dt, J 
= 13.4, 7.0 Hz, 1H), 2.19 (s, 3H), 1.97 (ddd, J = 13.1, 9.4, 4.5 Hz, 1H from CH2), 1.88-
1.81 (m, 1H from CH2), 1.81-1.77 (m, 1H from CH2), 1.60 (bs, 1H, OH), 1.58-1.55 (m, 
1H from CH2), 1.55-1.52 (m, 1H from CH2), 1.52-1.51 (m, 1H from CH2), 1.51-1.47 (m, 
1H from CH2), 1.43 (dd, J = 12.4, 6.9 Hz, 1H from CH2), 1.14 (s, 3H), 1.10 (s, 3H). 13C 
NMR (126 MHz, CDCl3) δ 209.1 (quat.), 172.1 (quat.), 84.4 (quat.), 72.8 (CH2), 71.5 
(CH, 2xC), 71.4 (quat.), 70.3 (CH) 70.1 (CH), 69.9 (CH, 5xC), 69.4 (CH), 53.2 (CH), 
51.7 (quat.), 44.4 (quat.), 41.8 (CH), 41.6 (CH2), 38.9 (CH2), 30.9 (CH3), 29.0 (CH2), 
27.0 (CH2), 26.3 (CH3), 17.9 (CH3). HRMS-ESI: calculated for C26H32FeNaO4 [M+Na]+: 
487.1543; found = 487.1528. M.p. Ferrocenoate ester derivative of racemic = 49-54 ºC. 
M.p. Ferrocenoate ester derivative of enantiomer 1 = 60-66 ºC. M.p. Ferrocenoate ester 
derivative of enantiomer 2 = 65-69 ºC. Specific rotation of ferrocenoate ester derivative 
of enantiomer 1: 5 mg/ 2 mL MeOH. ∝ '() = +16.5360 (c = 0.25, MeOH). Specific 
rotation of ferrocenoate ester derivative of enantiomer 2: 5 mg/ 2 mL MeOH. ∝ '() = 
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The title compound was prepared according to procedure below121 
and obtained as a colorless oil (76%, 0.8 mg, 3.15 µmol). To a 
solution of 1-((2aR*,2bS*,4S*,5aR*,6R*,6aR*)-6a-( (tert-
butyldimethylsilyl)oxy)-4-(hydroxymethyl)-2a,4-
dimethyldecahydrocyclobuta[a]pentalen-6-yl)ethan-1-one (2 mg, 
4,14 µmol, 1 equiv) in anhydrous THF (41.4 µL, 0.1 M in tricycle) under Ar at 0 ºC, 
TBAF (1 M in THF, 20.71 µL, 0.021 mmol, 5 equiv) premixed with acetic acid (1.18 
µL, 0.021 mmol, 1 equiv) was added dropwise. The ice bath was maintained for 5 min 
then removed. The reaction mixture was stirred at 25 ºC for 14 h. The reaction was 
quenched with water, the aqueous phase was extracted with AcOEt (x4) and the 
combined organic extracts were washed with NH4Cl saturated solution (x3), NaHCO3 
saturated solution (x2) and brine (x2), dried over Na2SO4 and the solvent removed under 
reduced pressure. Purification of the crude by flash column chromatography on silica gel 
(eluent: 93:7 to 7:1 cyclohexane:AcOEt) afforded the product (10% of starting material 
was also recovered). 
1H NMR (500 MHz, CDCl3) δ 3.45-3.38 (m, 2H), 3.22 (d, J = 6.9 Hz, 1H), 3.00-2.89 (m, 
1H), 2.40 (td, J = 8.9, 6.4 Hz, 1H), 2.31-2.26 (m, 2H), 2.17 (s, 3H),  1.81 (ddd, J = 12.7, 
7.1, 1.8 Hz, 1H from CH2), 1.67 (ddd, J = 11.3, 9.1, 3.2 Hz, 1H from CH2), 1.62-1.60 (m, 
1H from CH2), 1.59-1.57 (m, 1H from CH2), 1.38-1.35 (m, 1H), 1.34-1.31 (m, 1H from 
CH2), 1.31-1.29 (m, 1H from CH2), 1.06 (s, 3H), 0.97 (s, 3H), 0.82 (s, 9H), 0.18 (s, 3H), 
0.07 (s, 3H). 13C NMR (126 MHz, CDCl3) δ 207.4 (quat.), 87.0 (quat.), 72.5 (CH2), 64.6 
(CH), 54.6 (quat.), 52.8 (CH), 47.4 (CH), 46.0 (quat.), 39.0 (CH2), 36.7 (CH2), 32.4 
(CH2), 32.2 (CH3), 32.0 (CH2), 26.0 (3xC, CH3), 23.4 (CH3), 19.5 (CH3), 18.4 (quat.), 
-0.9 (CH3), -1.8 (CH3). HRMS-ESI: calculated for C21H38NaO3Si [M+Na]+: 389.2482; 





The title compound was prepared according to procedure below122 




 (5 mg, 10.35 µmol, 1 equiv) in anhydrous CH2Cl2 (0.1 mL, 0.1 M in tricycle) and 
anhydrous THF (0.01 mL) was added camphorsulfonic acid (2.4 mg, 10.35 µmol, 1 
equiv). The reaction mixture was stirred at 25 ºC for 22 h. The reaction was quenched 
with a drop of Et3N and the solvent removed under reduced pressure. Purification of the 
crude by flash column chromatography on silica gel (eluent: 7:1 cyclohexane:AcOEt) 
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1H NMR (400 MHz, CDCl3) δ 3.42 (s, 2H), 3.07-3.02 (m, 1H), 3.02-2.98 (m, 1H), 2.30-
2.21 (m, 1H), 2.17 (s, 3H), 2.16-2.09 (m, 1H, from CH2), 2.04-1.95 (m, 1H, from CH2), 
1.65-1.59 (m, 1H), 1.51-1.46 (m, 2H), 1.41 (dd, J = 13.0, 7.4 Hz, 2H), 1.30 (dd, J = 13.8, 
6.9 Hz, 2H), 1.06 (s, 3H), 0.98 (s, 3H), 0.92 (s, 9H), 0.20 (s, 3H), 0.04 (s, 3H). 13C NMR 
(101 MHz, CDCl3) δ 210.3 (quat.), 87.5 (quat.), 72.4 (CH2), 71.3 (CH), 53.8 (CH), 53.5 
(quat.), 46.3 (quat.), 43.9 (CH), 41.2 (CH2), 38.4 (CH2), 33.0 (CH3), 27.5 (2xC, CH2), 
26.0 (3xC, CH3), 25.7 (CH3), 17.9 (CH3), 18.3 (quat.), -1.7 (CH3), -2.0 (CH3). HRMS-




 The title compound was prepared according to procedure 
below122 and obtained as a colorless oil (24%, 0.2 mg, 3.12 µmol). 
To a solution of 1-((2aR*,2bS*,4S*,5aR*,6S*,6aR*)-6a-((tert-
butyldimethylsilyl)oxy)- 4-(hydroxymethyl)-2a,4-
dimethyldecahydrocyclobuta[a]pentalen-6-yl)ethan-1-one (1.5 
mg, 3.11 µmol, 1 equiv) in MeOH (21 µl) and CH2Cl2 (10 µl) (0.1 M in tricycle, 2:1 
MeOH: CH2Cl2) was added camphorsulfonic acid (0.14 mg, 0.621 µmol, 0.2 equiv). The 
reaction mixture was stirred at 25 ºC for 5 h. The reaction was quenched with a drop of 
Et3N and the solvent removed under reduced pressure. Purification of the crude by flash 
column chromatography on silica gel (eluent: 7:1 to 3:1 cyclohexane:AcOEt) afforded 
the product. 
1H NMR (500 MHz, CDCl3) δ 3.41 (s, 2H), 3.37 (s, 3H), 3.10-3.06 (m, 1H), 3.06-3.01 
(m, 1H), 2.27-2.20 (m, 1H), 2.12 (s, 3H), 2.05-2.01 (m, 1H from CH2), 2.00-1.94 (m, 1H 
from CH2), 1.89-1.81 (m, 1H from CH2), 1.72-1.62 (m, 1H from CH2), 1.52-1.49 (m, 1H 
from CH2), 1.49-1.46 (m, 1H from CH2), 1.46-1.43 (m, 1H from CH2), 1.43-1.42 (m, 1H 
from CH2), 1.13 (s, 3H), 0.99 (s, 3H). 13C NMR (126 MHz, CDCl3) δ 209.5 (quat.), 90.1 
(quat.), 71.8 (CH2), 63.4 (CH), 53.2 (CH), 52.5 (CH3), 52.1 (quat.), 46.2 (quat.), 42.7 
(CH), 40.9 (CH2), 29.9 (CH3), 27.7 (CH2), 26.0 (CH3), 23.9 (CH2), 22.8 (CH2), 18.9 




The title compound was prepared according to the procedure below 
and obtained as white solid (81%, 11.7 mg, 0.036 mmol). To a 
solution of dimethyl (2aR*,2bS*,5aR*,6R*,6aR*)-6-acetyl-6a-
((tert-butyldimethylsilyl)oxy)-2a-
methyloctahydrocyclobuta[a]pentalene-4,4(1H)-dicarboxylate 
(19.5 mg, 0.044 mmol, 1 equiv) in anhydrous THF (0.44 mL, 0.1 M in tricycle) under 
argon at 0 ºC, TBAF (1 M in THF, 0.111 mL, 0.111 mmol, 2.5 equiv) was added 
dropwise. The ice bath was maintained for 15 min then removed. The reaction mixture 
was stirred at 25 ºC for 1.5 h. The reaction was quenched with water, the aqueous phase 
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NH4Cl saturated solution (x3), and brine (x2), dried over Na2SO4 and the solvent 
removed under reduced pressure. Purification of the crude by flash column 
chromatography on silica gel (eluent: 7:1 cyclohexane:AcOEt) afforded the product. 
1H NMR (500 MHz, CDCl3) δ 3.72 (s, 3H), 3.71 (s, 3H), 3.17-3.08 (m, 1H), 2.86 (dd, J 
= 10.8, 1.6 Hz, 1H), 2.61 (dd, J = 15.2, 8.3 Hz, 1H), 2.36 (dd, J = 13.3, 6.9 Hz, 1H), 2.24 
(dd, J = 12.7, 7.0 Hz, 1H), 2.19 (s, 3H), 2.10 (dd, J = 14.8, 1.8 Hz, 1H), 2.02 (s, 1H), 
1.95 (ddd, J = 13.2, 9.5, 4.5 Hz, 1H), 1.86 (t, J = 13.0 Hz, 1H), 1.83-1.75 (m, 1H), 1.53 
(td, J = 11.9, 4.5 Hz, 1H), 1.44 (dt, J = 12.1, 9.2 Hz, 1H), 1.14 (s, 3H). 13C NMR (126 
MHz, CDCl3) δ 208.4 (quat.), 173.3 (quat.), 173.0 (quat.), 84.6 (quat.), 67.9 (CH), 61.4 
(quat.), 53.9 (CH), 53.0 (CH3), 53.0 (CH3), 51.4 (quat.), 41.9 (CH), 38.6 (CH2), 37.1 
(CH2), 30.9 (CH3), 28.8 (CH2), 27.0 (CH2), 17.7 (CH3). HRMS-ESI: calculated for 




The title compound was prepared according to the procedure below 
and obtained as a white solid (72%, 8.0 mg, 0.034 mmol). To a 
solution of dimethyl (2aR*,2bS*,5aS*,6S*,6aR*)-6-acetyl-6a-((tert-
butyldimethylsilyl)oxy)-2a-methyloctahydrocyclobuta[a]pentalene-
4,4(1H)-dicarboxylate (15.0 mg, 0.034 mmol, 1 equiv) in 
anhydrous THF (0.34 mL, 0.1 M in tricycle) under argon at 0 ºC, TBAF (1 M in THF,  
85 µL, 0.085 mmol, 2.5 equiv) was added dropwise. The ice bath was maintained for 15 
min then removed. The reaction mixture was stirred at 25 ºC for 2 h. The reaction was 
quenched with water, the aqueous phase was extracted with AcOEt (x4) and the 
combined organic extracts were washed with NH4Cl saturated solution (x3), and brine 
(x2), dried over Na2SO4 and the solvent removed under reduced pressure. Purification of 
the crude by flash column chromatography on silica gel (eluent: 7:1 cyclohexane:AcOEt) 
afforded the product. 
1H NMR (500 MHz, CDCl3) δ 3.72 (s, 3H), 3.71 (s, 3H), 3.17-3.09 (m, 1H), 2.86 (dd, J 
= 10.8, 1.6 Hz, 1H), 2.61 (dd, J = 14.8, 7.9 Hz, 1H), 2.35 (dd, J = 13.3, 6.9 Hz, 1H), 2.23 
(dd, J = 12.7, 7.0, 1H), 2.19 (s, 3H), 2.13-2.08 (m 1H), 1.95 (ddd, J = 13.2, 9.5, 4.5 Hz, 
1H), 1.86 (t, J = 13.0 Hz, 1H), 1.83-1.77 (m, 1H), 1.62 (bs, 1H), 1.52 (td, J = 11.9, 4.5 
Hz, 1H), 1.48-1.40 (m, 1H), 1.14 (s, 3H). 13C NMR (126 MHz, CDCl3) δ 208.5 (quat.), 
173.3 (quat.) 173.0 (quat.), 84.6 (quat.), 67.9 (CH), 61.4 (quat.), 53.9 (CH), 53.0 (CH3), 
53.0 (CH3), 51.4 (quat.), 41.9 (CH), 38.6 (CH2), 37.1 (CH2), 30.9 (CH3), 28.7(CH2), 27.0 
(CH2), 17.7 (CH3). HRMS-ESI: calculated for C17H24NaO6 [M+Na]+: 347.1465; found = 
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The title compound was prepared according to the procedure 
below111 and obtained as a pale yellow oil (28%, 3.6 mg, 7.22 
µmol). An oven-dried Schlenk was charged with SnBu2O (1.29 
mg, 5.20 µmol, 0.2 equiv), TBSCl (4.31 mg, 0.029 mmol, 1.1 
equiv) and ((2aR*,2bS*,5aR*,6S*,6a R*)-6a-((tert-butyldimethylsilyl)oxy)-6-((R*)-1-
hydroxyethyl)-2a-methyldecahydrocyclobuta[a]pentalene-4,4-diyl)dimethanol (10 mg, 
0.026 mmol, 1 equiv) solids, put under argon atmosphere and dissolved in anhydrous 
CH2Cl2 (0.9 mL, 0.03 M in tricycle). Et3N (3.95 mg, 5.44 µL, 0.039 mmol, 1.5 equiv) 
was added to the resulting solution and the reaction mixture was stirred at 25 ºC for 24 h. 
The mixture was filtered and the filtrate concentrated under vacuo. The crude product 
was purified by column chromatography on silica gel (eluent: 3:1 cyclohexane: AcOEt to 
AcOEt). 
1H NMR (400 MHz, CDCl3) δ 4.16-4.03 (m, 1H), 3.55 (d, J = 4.1 Hz, 2H), 3.51 (d, J = 
2.5 Hz, 2H), 2.91-2.83 (m, 1H), 2.63-2.50 (m, 1H), 2.32 (q, J = 7.9 Hz, 1H), 2.23-2.13 
(m, 2H), 2.13-2.06 (m, 1H), 1.64-1.58 (m, 2H), 1.56-1.51 (m, 1H), 1.42 (t, J = 4.4 Hz, 
2H), 1.27 (s, 3H), 1.06 (s, 3H), 0.91 (s, 9H), 0.90 (s, 9H), 0.22 (s, 3H), 0.13 (s, 3H), 0.07 
(s, 6H). 13C NMR (101 MHz, CDCl3) δ 85.6 (quat.), 72.5 (CH2), 68.8 (CH2), 67.2 (CH), 
59.8 (CH), 54.5 (quat.), 52.2 (CH), 50.3 (quat.), 48.2 (CH), 33.0 (CH2), 32.9 (CH2), 31.7 
(CH2), 29.9 (CH2), 26.2 (3xCH3), 26.0 (3xCH3), 22.6 (CH3),19.7 (CH3), 18.7 (quat.) 18.3 
(quat.), -0.7 (CH3), -2.1 (CH3), -5.4 (CH3), -5.5 (CH3). HRMS-ESI: calculated for 





The title compound was prepared according to the previous 
procedure and obtained as a pale yellow oil (21%, 2.7 mg, 5.41 
µmol). 
1H NMR (400 MHz, CDCl3) δ 4.13-4.01 (m, 1H), 3.62 (d, J = 9.4 
Hz, 1H), 3.55 (d, J = 9.4 Hz, 1H), 3.49 (d, J = 3.8 Hz, 2H), 3.26-3.10 (m, 1H), 2.70-2.57 
(m, 1H), 2.34 (td, J = 8.8, 5.2 Hz, 1H), 2.19 (dd, J = 9.9, 6.9 Hz, 1H), 2.15-2.12 (m, 1H), 
2.11-2.04 (m, 1H), 1.69 (dd, J = 12.7, 6.9 Hz, 1H), 1.53-1.46 (m, 2H), 1.39-1.29 (m, 2H), 
1.29 (d, J = 6.2 Hz, 3H), 1.04 (s, 3H), 0.91 (s, 9H), 0.89 (s, 9H), 0.23 (s, 3H), 0.14 (s, 
3H), 0.05 (s, 3H), 0.05 (s, 3H). 13C NMR (101 MHz, CDCl3) δ 85.5 (quat.), 74.2 (CH2), 
69.0 (CH2), 67.3 (CH), 59.8 (CH), 54.4 (quat.), 52.0 (CH), 49.8 (quat.), 48.2 (CH), 33.1 
(CH2), 32.9 (CH2), 32.8 (CH2), 31.6 (CH2), 26.2 (3xCH3), 26.0 (3xCH3), 22.8 (CH3), 
19.7 (CH3), 18.8 (quat.), 18.3 (quat.), -0.7 (CH3), -2.2 (CH3), -5.5 (CH3), -5.5 (CH3). 
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The title compound was prepared according to the procedure 
below111 and obtained as a white solid (57%, 7.4 mg, 0.015 mmol). 
An oven-dried Schlenk was charged with SnBu2O (1.29 mg, 5.20 
µmol, 0.2 equiv) and ((2aR*,2bS*,5aR*,6S*,6a R*)-6a-((tert-
butyldimethylsilyl)oxy)-6-((R*)-1-hydroxyethyl)-2a-
methyldecahydrocyclobuta[a]pentalene-4,4-diyl)dimethanol (10 mg, 0.026 mmol, 1 
equiv), put under argon atmosphere and dissolved in anhydrous CH2Cl2 (0.4 mL, 0.06 M 
in tricycle). Et3N (3.95 mg, 5.44 µL, 0.039 mmol, 1.5 equiv) was added to the resulting 
solution and it was cooled to 0 ºC. Then a solution of TESCl (4.35 mg, 4.85µL, 0.029 
mmol, 1.1 equiv) in CH2Cl2 (0.2 mL) was added at 0 ºC. The cooling was maintained for 
30 min, then the reaction mixture was stirred at 25 ºC for 24 h. The mixture was filtered 
and the filtrate concentrated under vacuo. The crude product was purified by column 
chromatography on silica gel (eluent: 2:1 cyclohexane: AcOEt to AcOEt). 
1H NMR (400 MHz, CDCl3) δ 4.15-4.03 (m, 1H), 3.57-3.54 (m, 2H), 3.52 (d, J = 4.2 Hz, 
2H), 3.01 (t, J = 5.0 Hz, 1H), 2.57 (ddd, J = 15.0, 12.6, 7.3 Hz, 1H), 2.31 (q, J = 8.4 Hz, 
1H), 2.19 (dd, J = 9.8, 6.5 Hz, 1H), 2.17-2.13 (m, 1H), 2.13-2.05 (m, 1H), 1.65-1.59 (m, 
1H), 1.57-1.50 (m, 1H), 1.47-1.44 (m, 1H), 1.44-1.42 (m, 1H), 1.42-1.38 (m, 1H), 1.34-
1.31 (m, 1H), 1.27 (s, 3H), 1.06 (s, 3H), 0.96 (t, J = 7.9 Hz, 9H), 0.91 (s, 9H), 0.61 (q, J = 
7.8 Hz, 6H), 0.22 (s, 3H), 0.13 (s, 3H). 13C NMR (101 MHz, CDCl3) δ 85.6 (quat.), 72.8 
(CH2), 68.9 (CH2), 67.2 (CH), 59.8 (CH), 54.5 (quat.), 52.2 (CH), 50.2 (quat.), 48.2 (CH), 
33.0 (CH2), 33.0 (CH2), 32.9 (CH2), 31.7 (CH2), 26.2 (3xCH3), 22.6 (CH3), 19.7 (CH3), 
18.7 (quat.), 6.9 (3xC, CH3), 4.3 (3xC, CH2), -0.7 (CH3), -2.1 (CH3). HRMS-ESI: 





The title compound was prepared according to the previous 
procedure and obtained as a white solid (35%, 4.5 mg, 9.02 µmol). 
1H NMR (400 MHz, CDCl3) δ 4.15-4.01 (m, 1H), 3.62 (d, J = 9.3 
Hz, 1H), 3.55 (d, J = 9.3 Hz, 1H), 3.49 (d, J = 4.5 Hz, 2H), 3.32 (t, J 
= 5.6 Hz, 1H), 2.73-2.57 (m, 1H), 2.34 (td, J = 8.9, 5.5 Hz, 1H), 
2.19 (dd, J = 12.4, 6.9 Hz, 1H), 2.15-2.11 (m 1H), 2.11-2.05 (m, 1H), 1.71 (dd, J = 12.4, 
6.9 Hz, 1H), 1.56-1.53 (m, 1H), 1.53-1.47 (m, 1H), 1.38-1.32 (m, 1H), 1.28 (d, J = 6.2 
Hz, 3H), 1.25-1.19 (m, 1H), 1.04 (s, 3H), 0.95 (t, J = 7.9 Hz, 9H), 0.92 (s, 9H), 0.59 (q, J 
= 7.8 Hz, 6H), 0.23 (s, 3H), 0.14 (s, 3H). 13C NMR (101 MHz, CDCl3) δ 85.6 (quat.), 
74.0 (CH2), 68.9 (CH2), 67.3 (CH), 59.8 (CH), 54.4 (quat.), 51.9 (CH), 49.7 (quat.), 48.1 
(CH), 33.2 (CH2), 32.9 (CH2), 32.9 (CH2), 31.6 (CH2), 26.2 (3xCH3), 22.8 (CH3), 19.7 
(CH3), 18.8 (quat.), 6.8 (3xC, CH3), 4.2 (3xC, CH2), -0.7 (CH3), -2.2 (CH3). HRMS-
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The title compound was prepared according to the procedure below111 
and obtained as a pale yellow oil (14%, 4.3 mg, 5.91 µmol). An oven-
dried Schlenk was charged with SnMe2Cl2 (0.91 mg, 4.16 µmol, 0.1 
equiv) and ((2aR*,2bS*,5aR*,6S*,6a R*)-6a-((tert-
butyldimethylsilyl)oxy)-6-((R*)-1-hydroxyethyl)-2a-
methyldecahydrocyclobuta[a]pentalene-4,4-diyl)dimethanol (16 mg, 0.042 mmol, 1 
equiv), put under argon atmosphere and dissolved in anhydrous CH2Cl2 (0.8 mL, 0.05 M 
in tricycle). Et3N (6.31 mg, 8.70 µL, 0.062 mmol, 1.5 equiv) was added to the resulting 
solution and it was cooled to 0 ºC. Then a solution of TESCl (9.50 mg, 10.58 µL, 0.062 
mmol, 1.5 equiv) in CH2Cl2 (0.2 mL) was added at 0 ºC. The cooling was maintained for 
30 min, then the reaction mixture was stirred at 25 ºC for 24 h. The mixture was filtered 
and the filtrate concentrated under vacuo. The crude product was purified by column 
chromatography on silica gel (eluent: 9:1 cyclohexane: AcOEt to AcOEt). 
1H NMR (400 MHz, CDCl3) δ 4.32-4.20 (m, 1H), 3.50 (d, J = 9.1 Hz, 1H), 3.40 (d, J = 
9.2 Hz, 1H), 3.26 (d, J = 9.1 Hz, 2H), 2.60-2.47 (m, 1H), 2.25-2.15 (m, 1H), 2.16-2.10 
(m, 2H), 2.06 (q, J = 9.7 Hz, 1H), 1.54-1.48 (m, 2H), 1.47-1.42 (m, 2H), 1.39 (d, J = 4.4 
Hz, 1H), 1.32 (d, J = 6.3 Hz, 3H), 1.31-1.28 (m, 1H), 1.01 (s, 3H), 0.99-0.91 (m, 27H), 
0.89 (s, 9H), 0.67-0.57 (m, 6H), 0.61-0.49 (m, 12H), 0.17 (s, 3H), 0.10 (s, 3H). 13C 
NMR (126 MHz, CDCl3) δ 84.9 (quat.), 68.8 (CH), 67.1 (CH2), 63.6 (CH2), 60.0 (CH), 
54.2 (quat.), 52.2 (CH), 51.5 (quat.), 48.7 (CH), 32.7 (CH2), 32.5 (CH2), 32.1 (CH2), 29.9 
(CH2), 26.4 (3xCH3), 23.3 (CH3), 20.0 (CH3), 18.8 (quat.), 7.4 (3xCH3), 7.0 (3xCH3), 7.0 
(3xCH3), 6.6 (3xC, CH2), 4.6 (3xC, CH2), 4.6 (3xC, CH2), -0.8 (CH3), -2.0 (CH3). 




The title compound was prepared according to the procedure below 
and obtained as a pale yellow oil (51%, 13 mg, 0.021 mmol). 
1H NMR (500 MHz, CDCl3) δ 4.12-4.02 (m, 1H), 3.49 (d, J = 9.1 Hz, 
1H), 3.40 (d, J = 9.2 Hz, 1H), 3.30 (d, J = 10.1 Hz, 2H), 2.64-2.53 (m, 
1H), 2.28 (q, J = 7.8 Hz, 1H), 2.19-2.11 (m, 2H), 2.07 (ddd, J = 10.3, 
7.8, 2.1 Hz, 1H), 1.56-1.49 (m, 2H), 1.37 (d, J = 7.5 Hz, 2H), 1.34-1.28 (m, 1H), 1.26 (d, 
J = 6.2 Hz, 3H), 1.19 (t, J = 12.4 Hz, 1H), 1.04 (s, 3H), 0.98-0.93 (m, 18H), 0.91 (s, 9H), 
0.60-0.51 (m, 12H), 0.23 (s, 3H), 0.13 (s, 3H). 13C NMR (126 MHz, CDCl3) δ 85.6 
(quat.), 67.4 (CH), 67.3 (CH2), 63.3 (CH2), 60.0 (CH), 54.6 (quat.), 52.6 (CH), 51.4 
(quat.), 48.2 (CH), 33.1 (CH2), 32.9 (CH2), 32.8 (CH2), 31.8 (CH2), 26.2 (3xCH3), 22.6 
(CH3), 19.7 (CH3), 18.8 (quat.), 7.0 (3xCH3), 7.0 (3xCH3), 4.6 (3xC, CH2), 4.6 (3xC, 
CH2), -0.7 (CH3), -2.1 (CH3). HRMS-ESI: calculated for C33H68NaO4Si3 [M+Na]+: 
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The title compound was prepared according to the procedure below 
and obtained as a pale yellow oil (42%, 10.0 mg, 0.022 mmol). 
Anhydrous lutidine (16.72 mg, 18.17 µL, 0.156 mmol, 3 equiv) and 
MsCl (9.02 mg, 6.10 µL, 0.078 mmol, 1.5 equiv) were added 
successively over 1 min to a solution of ((2aS,2bR,5aS,6R,6aS)-6a-
((tert-butyldimethylsilyl)oxy)-6-((S)-1-hydroxyethyl)-2a-
methyldecahydrocyclobuta[a]pentalene-4,4-diyl)dimethanol (20 mg, 0.052 mmol, 1 
equiv) in anhydrous CH2Cl2 (0.5 mL, 0.1 M in tricycle) at 25 ºC under argon. The 
resulting mixture was stirred at 25 ºC for 1 h. The reaction was quenched with water, the 
aqueous phase was extracted with AcOEt (x3) and the combined organic extracts were 
washed with diluted HCl solution (x2), and brine (x1), dried over Na2SO4 and the solvent 
removed under reduced pressure. Purification of the crude by flash column 
chromatography on silica gel (eluent: 1:1 cyclohexane:AcOEt) afforded the product. 
1H NMR (400 MHz, CDCl3) δ 4.10 (d, J = 9.5 Hz, 1H), 4.07-4.04 (m, 2H), 4.03 (s, 1H), 
4.01 (d, J = 5.2 Hz, 1H), 3.03 (s, 3H), 3.01 (s, 3H), 2.73-2.60 (m, 1H), 2.40 (q, J =7.7 Hz, 
1H), 2.21 (dd, J = 9.9, 6.6 Hz, 1H), 2.18-2.13 (m, 1H), 2.13-2.06 (m, 1H), 1.62-1.59 (m, 
2H), 1.59-1.57 (m, 2H), 1.39-1.29 (m, 2H), 1.27 (d, J = 6.2 Hz, 3H), 1.05 (s, 3H), 0.90 (s, 
9H), 0.23 (s, 3H), 0.14 (s, 3H). 13C NMR (101 MHz, CDCl3) δ 85.3 (quat.) 73.1 (CH2), 
69.3 (CH2), 66.9 (CH), 59.3 (CH), 54.2 (quat.), 51.8 (CH), 48.1 (CH), 48.1 (quat.), 37.5 
(CH3), 37.3 (CH3), 33.0 (CH2), 32.9 (CH2), 32.6 (CH2), 31.6 (CH2), 26.2 (3xCH3), 22.9 
(CH3), 19.7 (CH3), 18.7 (quat.), -0.7 (CH3), -2.2 (CH3). HRMS-ESI: calculated for 




The title compound was prepared according to the procedure 
below and obtained as a pale yellow oil (90%, 13.6 mg, 0.031 
mmol). To a solution of NaBH4 (2.60 mg, 0.069 mmol, 2 equiv) in 
EtOH (0.4 mL) at 0 ºC was added dimethyl (Z)-2-(3-(1-((tert-
butyldimethylsilyl)oxy)cyclopropyl)but-2-en-1-yl)-2-(4-oxopent-
2-yn-1-yl) malonate (15 mg, 0.034 mmol, 1 equiv) in EtOH (0.4 mL). The reaction 
mixture was stirred 10 min at 0 ºC then 1 h at 25 ºC. It was quenched with water, the 
aqueous phase was extracted with AcOEt (x3) and the combined organic extracts were 
washed with brine (x1), dried over Na2SO4 and the solvent removed under reduced 
pressure. Purification of the crude by flash column chromatography on silica gel (eluent: 
4:1 cyclohexane:AcOEt) afforded the product. 
1H NMR (300 MHz, CDCl3) δ 5.9-5.00 (m, 1H), 4.52-4.39 (bm, 1H), 3.73 (s, 6H), 3.07 
(dd, J = 7.0, 1.6 Hz, 2H), 2.81 (d, J = 2.0 Hz, 2H), 1.73 (q, J = 1.5 Hz, 3H), 1.39 (d, J = 
6.6 Hz, 3H), 0.90-0.87 (m, 2H), 0.84 (s, 9H), 0.68-0.62 (m, 2H), 0.07 (s, 6H). 13C NMR 










UNIVERSITAT ROVIRA I VIRGILI 
GOLD CATALYSIS: FROM FUNDAMENTALS TO THE SYNTHESIS OF BULLVALENES AND NATURALLY 
OCCURRING SESQUITERPENES 
Sofia Ferrer Cabrera 
	 152 
(quat.) 58.5 (CH), 57.3 (quat.), 56.0 (quat.), 52.8 (CH3, 2xC), 31.8 (CH2), 25.8 (CH3 
(3xC), 24.7 (CH3), 23.6 (CH2), 22.7 (CH3), 17.9 (quat.), 14.4 (CH2, 2xC), -3.7 (CH3, 




The title compound was prepared according to the procedure 
below and obtained as a pale yellow oil (88%, 6.8 mg, 0.012 
mmol). A vial was charged with dimethyl (Z)-2-(3-(1-((tert-
butyldimethylsilyl)oxy)cyclopropyl)but-2-en-1-yl)-2-(4-
hydroxypent-2-yn-1-yl)malonate (6.1 mg, 0.014 mmol, 1 equiv), 
imidazole (2.4 mg, 0.035 mmol, 2.5 equiv) and TBSCl (4.6 mg, 0.031 mmol, 2.2 equiv) 
and put under argon. Then anhydrous DMF (0.14 mL, 0.1 M in alcohol) was added and 
the reaction mixture was stirred at 70 ºC for 17 h. The reaction was cooled to room 
temperature and quenched with water. The aqueous phase was extracted with AcOEt 
(x3) and the combined organic extracts were washed with brine (x3), dried over Na2SO4 
and the solvent removed under reduced pressure. Purification of the crude by flash 
column chromatography on silica gel (eluent: 9:1 cyclohexane: AcOEt) afforded the 
product. 
1H NMR (300 MHz, CDCl3) δ 5.06 (tq, J = 7.1, 1.6 Hz, 1H), 4.51-4.40 (m, 1H), 3.71 (s, 
6H), 3.06 (d, J = 6.7 Hz, 2H), 2.81 (bd, J = 2.0 Hz, 2H), 1.74 (q, J = 1.5 Hz, 3H), 1.35 (d, 
J = 6.5 Hz, 3H), 0.88 (s, 9H), 0.86-0.84 (m, 2H), 0.83 (s, 9H), 0.67-0.61 (m, 2H), 0.09 (s, 
3H), 0.08 (s, 3H), 0.06 (s, 6H). 13C NMR (126 MHz, CDCl3) δ 170.8 (2xC, quat.), 139.8 
(quat.), 123.1 (CH), 86.0 (quat.), 78.2 (quat.), 59.1 (CH), 57.2 (quat.), 55.9 (quat.), 52.7 
(CH3, 2xC), 31.7 (CH2), 26.0 (CH3, 3xC), 25.8 (CH3) 25.8 (CH3, 3xC), 23.7 (CH2), 22.7 
(CH3), 18.3 (quat.) 17.9 (quat.), 14.4 (CH2, 2xC), -3.7 (CH3, 2xC), -4.4 (CH3), -4.9 





The title compound was prepared according to the procedure 
below and obtained as a pale yellow oil (23%, 1 mg, 9.77 µmol). 
To a solution of dimethyl (Z)-2-(3-(1-((tert-
butyldimethylsilyl)oxy)cyclopropyl)but-2-en-1-yl)-2-(4-((tert-
butyldimethylsilyl)oxy)pent-2-yn-1-yl)malonate (1.0 equiv, 5.4 
mg, 9.77 µmol) in anhydrous Et2O (0.1 mL, 0.1 mol/L) in a 
microwave vial, was added tBuXPhosAuBArF gold(I) catalyst (0.05 equiv, 0.75 mg, 
0.488 µmol), the vial was fitted with a cap and the solution was stirred at 40 ºC for 21 h. 
The reaction was quenched with a drop of Et3N, concentrated under vacuo and the crude 
purified by SiO2 preparative TLC (eluent: 7:1 cyclohexane:AcOEt). 
1H NMR (500 MHz, CDCl3) δ 5.53-5.45 (m, 1H), 4.47-4.40 (m, 1H), 3.72 (s, 3H), 3.72 
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1.94-1.90 (m, 3H), 1.34 (d, J = 6.5 Hz, 3H), 1.08 (t, J = 7.2 Hz, 3H), 0.88 (s, 9H), 0.08 (s, 
3H), 0.08 (s, 3H). 13C NMR (126 MHz, CDCl3) δ 205.9 (quat.), 170.3 (quat.), 170.2 
(quat.), 139.2 (quat.), 129.0 (CH), 86.2 (quat.), 77.5 (quat.), 59.0 (CH), 57.1 (quat.), 52.7 
(CH3, 2xC), 35.0 (CH2), 32.2 (CH2), 25.8 (CH3, 3xC), 25.6 (CH3), 23.6 (CH2), 21.0 
(CH3), 18.2 (quat.), 7.6 (CH3), -4.7 (CH3), -5.1 (CH3). HRMS-ESI: calculated for 




The title compound was prepared according to the procedure 
below and obtained as a colorless oil that solidified upon 
standing (54%, 13.0 mg, 0.025 mmol). Dry toluene (0.3 mL, 
0.1 M in enyne) was added to a vial containing dimethyl (Z)-2-
(3-(1-((tert-butyldimethylsilyl)oxy)cyclopropyl)but-2-en-1-yl)-
2-(4-oxopent-2-yn-1-yl)malonate (20 mg, 0.046 mmol, 1 equiv), 
pentane-2,4-diol (23.85 mg, 25.1 µL, 0.229 mmol, 5 equiv) and pyridinium p-
toluenesulfonate (1.15 mg, 4.58 µmol, 0.1 equiv). The reaction mixture was heated at 
110 ºC for 18 h, then cooled to room temperature and quenched with NaHCO3 saturated 
aqueous solution. The aqueous phase was extracted with AcOEt (x3) and the combined 
organic extracts were washed with NaHCO3 saturated aqueous solution (x1), brine (x1), 
dried over anhydrous Na2SO4 and the solvent removed under reduced pressure. 
Purification of the crude by flash column chromatography on silica gel (eluent: 97:3 to 
93:7 cyclohexane:AcOEt) afforded the product. 
1H NMR (300 MHz, CDCl3) δ 5.06 (tq, J = 7.1, 1.6 Hz, 1H), 4.22-4.05 (m, 2H), 3.72 (s, 
6H), 3.11-3.06 (m, 2H), 2.85 (s, 2H), 1.73 (q, J = 1.5 Hz, 3H), 1.59 (s, 3H), 1.50 (dt, J = 
13.1, 2.5 Hz, 1H from CH2), 1.18 (s, 3H), 1.16 (s, 3H), 1.15-1.11 (m, 1H from CH2), 
0.90-0.85 (m, 2H), 0.83 (s, 9H), 0.66-0.59 (m, 2H), 0.06 (s, 6H). 13C NMR (75 MHz, 
CDCl3) δ 170.7 (2xC, quat.), 140.3 (quat.), 123.1 (CH), 94.0 (quat.), 81.1 (quat.), 80.8 
(quat.), 67.9 (2xC, CH), 57.2 (quat.), 55.9 (quat.), 52.8 (2xC, CH3), 40.0 (CH2), 31.9 
(CH2), 29.8 (CH3), 25.7 (3xC, CH3), 23.7 (CH2), 22.7 (CH3), 21.7 (2xC, CH3), 17.9 
(quat.), 14.4 (2xC, CH2), -3.7 (2xC, CH3). HRMS-ESI: calculated for C28H46NaO7Si 




The title compound was prepared according to the previous 
procedure for ketone protection as cyclic acetal using 1,3-
propanediol and obtained as a pale yellow oil (46%, 13.0 mg, 
0.026 mmol). 
1H NMR (400 MHz, CDCl3) δ 5.11-5.05 (m, 1H), 4.18 (td, J = 
12.8, 2.9 Hz, 2H), 3.83 (dd, J = 11.3, 5.2 Hz, 2H), 3.74 (s, 6H), 
3.13 (dd, J = 7.1, 1.6 Hz, 2H), 2.89 (s, 2H), 1.73 (d, J =1.6 Hz, 3H), 1.56 (s, 3H), 1.40-
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(75 MHz, CDCl3) δ 170.7 (2xC, quat.), 140.4 (quat.), 123.1 (CH), 94.0 (quat.), 81.8 
(quat.), 80.1 (quat.), 62.5 (2xC, CH2), 57.2 (quat.), 55.9 (quat.), 52.8 (2xC, CH3), 32.0 
(CH2), 29.6 (CH3), 25.7 (3xC, CH3), 25.2 (CH2), 23.7 (CH2), 22.7 (CH3), 17.9 (quat.), 
14.4 (2xC, CH2), -3.7 (2xC, CH3). HRMS-ESI: calculated for C26H42NaO7Si [M+Na]+: 
517.2592; found = 517.2588. 
Theoretical DFT Computations 
Computational Methods 
Calculations were performed by means of the Gaussian 09 suite of programs.135 DFT was 
applied using B3LYP.136 The SDD basis set and ECP was used to describe Au and Br.137 
The 6-31G(d) basis set138 was used for all remaining atoms (C, H, O, Si and P). Full 
geometry optimizations were carried out in dichloromethane, through an implicit solvent 
SMD.139  The stationary points were characterized by vibrational analysis. Transition 
states were identified by the presence of one imaginary frequency while minima by a full 
set of real frequencies. The connectivity of the transition states was confirmed by 
relaxing each transition state towards both the reactant and the product. Reported 
energies are potential energies (E) and free energies (G) in solution, computed at 298 K 








135.    Gaussian 09, Revision B.1, M. J. Frisch, G. W. Trucks, H. B. Schlegel, G. E. Scuseria, M. A. Robb, J. R. 
Cheeseman, G. Scalmani, V. Barone, B. Mennucci, G. A. Petersson, H. Nakatsuji, M. Caricato, X. Li, H. 
P. Hratchian, A. F. Izmaylov, J. Bloino, G. Zheng, J. L. Sonnenberg, M. Hada, M. Ehara, K. Toyota, R. 
Fukuda, J. Hasegawa, M. Ishida, T. Nakajima, Y. Honda, O. Kitao, H. Nakai, T. Vreven, J. A. 
Montgomery, Jr. J. E. Peralta, F. Ogliaro, M. Bearpark, J. J. Heyd, E. Brothers, E. N. Kudin, V. N. 
Staroverov, R. Kobayashi, J. Normand, K. Raghavachari, A. Rendell, J. C. Burant, S. S. Iyengar, J. 
Tomasi, M. Cossi, N. Rega, J. M. Millam, M. Klene, J. E. Knox, J. B. Cross, V. Bakken, C. Adamo, J. 
Jaramillo, R. Gomperts, R. E. Stratmann, O. Yazyev, A. J. Austin, R. Cammi, C. Pomelli, J. W. 
Ochterski, R. L. Martin, K. Morokuma, V. G. Zakrzewski, G. A. Voth, P. Salvador, J. J. Dannenberg, S. 
Dapprich, A. D. Daniels, Ö. Farkas, J. B. Foresman, J. V. Ortiz, J. Cioslowski, D. J. Fox, Gaussian, Inc., 
Wallingford CT 2009. 
136. (a) A. D. J. Becke, Chem. Phys. 1993, 98, 5648-5652. (b) C. Lee, W. Yang, R. G. Parr, Phys. Rev. B 
1988, 37, 785-789. (c) P. J. Stephens, F. J. Devlin, C. F. Chabalowsky, M. J. Frisch, Phys. Chem. 1994, 
98, 11623-11627. 
137. D. Andrae, U. Haussermann, M. Dolg, H. Stoll, H. Preuss, Theor. Chim. Acta 1990, 77, 123-141. 
138. W. J. Hehre, R. Ditchfield, J. A. Pople, J. Chem. Phys. 1972, 56, 2257-2261. 
139. A. V. Marenich, C. J. Cramer, D. G. Truhlar, J. Phys. Chem. B 2009, 113, 6378-6396. 
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Structures and Energies 
IX 
 
E = -1977.912600 Hartrees 
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E = -1978.006889 Hartrees 




E = -1977.951990 Hartrees 
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E = -2117.819183 Hartrees 
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E = -811.689745 Hartrees 
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Chapter 2: Gold(I)-Catalyzed Oxidative Cyclizations for 
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The catalysis “gold rush” that the organic chemistry community experienced over the last 
decades opened new synthetic perspectives. 140  The expansion of the field of gold 
catalysis led to the development of numerous transformations and mechanistic studies, 
enhancing the understanding of gold-catalyzed transformations. These fundaments 
allowed a more mature and in-depth exploration of new reactivity based on gold, 
enabling access to novel and advantageous applications in organic synthesis. 
Oxidative Gold(I)-Catalyzed Reactions 
Gold(I)-catalyzed oxidative cyclizations illustrate the discovery of novel reactivity of 
gold intermediates that has allowed the development of innovative synthetic 
methodologies. Since the first examples of gold(I)-catalyzed oxidative cyclizations in 
2007,65 a wide variety of transformations employing this strategy have been reported.66 
Gold(I)-catalyzed oxidative cyclizations rely on the generation of highly reactive a-oxo 
gold(I) carbenes/carbenoids via gold-catalyzed alkyne oxidation (Scheme 1). This 
approach seamlessly converts safe-to-use alkynes into surrogates for a-diazo carbonyl 
compounds, circumventing the use of explosive and toxic diazo compounds and thus, 
allowing safer practices.66     
 
Scheme 1. Gold(I)-catalyzed intermolecular oxidation of alkynes to yield  a-oxo gold carbenes. 
A variety of oxidants have been successfully employed as oxidizing agents in these 
transformations. They include sulfoxides,65,141 pyridine N-oxides,142 nitrones,143 nitroso- 
and nitrobenzenes,144 peroxycarboxylic acids,145 and epoxides.146 The oxidants used can 
																																								 																				
140. A. S. K. Hashmi, Angew. Chem. Int. Ed. 2005, 44, 6990-6993. 
141. G. Li, L. Zhang, Angew. Chem. Int. Ed. 2007, 46, 5156-5159. 
142. T. Wang, L. Huang, S. Shi, M. Rudolph, A. S. K. Hashmi, Chem. Eur. J. 2014, 20, 14868-14871. 
143. (a) H. S. Yeom, J. E. Lee, S. Shin, Angew. Chem. Int. Ed. 2008, 47, 7040-7043. (b) H. S. Yeom, Y. Lee, 
J. Jeong, E. So, S. Hwang, J. E. Lee, S. S. Lee, S. Shin, Angew. Chem. Int. Ed. 2010, 49, 1611-1614. (c) 
A. Mukherjee, R. B. Dateer, R. Chaudhuri, S. Bhunia, S. N. Karad, R.-S. Liu, J. Am. Chem. Soc. 2011, 
133, 15372-15375. 
144. (a) A. M. Jadhav, S. Bhunia, H.-Y. Liao, R.-S. Liu, J. Am. Chem. Soc. 2011, 133, 1769-1771. (b) C. V. 
S. Kumar, C. V. Ramana, Org. Lett. 2014, 16, 4766-4769. (c) R. R. Singh, R.-S. Liu, Chem. Commun. 
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be tethered to the alkyne substrate,66 or can be external oxidants.147 The use of external 
oxidants is more convenient because it confers higher synthetic flexibility since no 
tethering of the oxidant in the alkyne substrate is required, and thus, its reduced form 
does not remain in the final product. 
The genuine intermediacy of a-oxo gold(I) carbenes has been questioned, generating 
some controversy on the actual identity of these intermediates. A complete mechanistic 
investigation of the gold(I)-catalyzed oxidation of alkynes by analysis of these reactions 
using infrared multiphoton dissociation spectrospray (IRMDS) and mass spectrometry 
techniques, and supported by DFT calculations pointed towards “naked a-oxo gold(I) 
carbenes” II as unlikely intermediates.148 The intermediacy of gold(I) carbenoids III, 
formed by nucleophilic attack on the highly electrophilic gold(I) carbene, was suggested 
to be more feasible. In contrast, other studies support the intermediacy of alkenyl gold 
intermediates I, rather than a-oxo gold(I) carbenes II, as the reactive species towards the 
nucleophilic attack.149 
 
Scheme 2. Generation of a-oxo gold(I) carbenes/carbenoids. 
The versatile a-oxo gold(I) carbene/carbenoid intermediates can undergo synthetically 
challenging and valuable transformations. They can be trapped intramolecularly by a 
nucleophile present on the alkyne substrate, leading to formal C-H,150 O-H,151 and N-H152 
insertions. One illustration is the gold(I)-catalyzed oxidative cyclization of 
homopropargylic alcohols 1 that gives dihydrofuranones 2 (Scheme 3).151a 
 
Scheme 3. Gold(I)-catalyzed oxidative cyclization of homopropargylic alcohols. 
																																								 																																							 																																							 																													
145. L. Cui, Y. Peng, L. Zhang, J. Am. Chem. Soc. 2009, 131, 8394-8395. 
146. A. S. K. Hashmi, M. Bührle, R. Salathé, J. Bats, Adv. Synth. Catal. 2008, 350, 2059-2064. 
147. L. Zhang, Acc. Chem. Res. 2014, 47, 877-888. 
148. J. Schulz, L. Jašiková, A. Škríba, J. Roithová, J. Am. Chem. Soc. 2014, 136, 11513-11523. 
149.    (a) E. L. Noey, Y. Luo, L. Zhang, K. N. Houk, J. Am. Chem. Soc. 2012, 134, 1078-1084. (b) G. Henrion, 
T. E. J. Cavas, X. Le Goff, F. Gagosz, Angew. Chem. Int. Ed. 2013, 52, 6277-6282. 
150. (a) B. Lu, C. Li. L. Zhang, J. Am. Chem. Soc. 2010, 132, 14070-14072. (b) L.-Q. Yang, K.-B. Wang, C.-
Y. Li, Eur. J. Org. Chem. 2013, 2775-2779. 
151. (a) L. Ye, L. Cui, G. Zhang, L. Zhang, J. Am. Chem. Soc. 2010, 132, 3258-3259. (b) L. Ye, W. He, L. 
Zhang, J. Am. Chem. Soc. 2010, 132, 8550-8551. 























UNIVERSITAT ROVIRA I VIRGILI 
GOLD CATALYSIS: FROM FUNDAMENTALS TO THE SYNTHESIS OF BULLVALENES AND NATURALLY 
OCCURRING SESQUITERPENES 
Sofia Ferrer Cabrera 
 
	 165 
Moreover, these intermediates can also be trapped intermolecularly by external 
nucleophiles.153 One such example is the formation of oxazoles 3 via gold(I)-catalyzed 
oxidation of alkynes in the presence of nitriles.153c  
 
Scheme 4. Gold(I)-catalyzed oxidative cyclization of alkynes in the presence of nitriles. 
The gold-catalyzed oxidative cyclizations of 1,5-,154 1,6-154,155 and 1,7-enynes155 giving 
[n.1.0]bicyclic scaffolds (n = 3-5) have also been reported (Scheme 5).  
 
 
Scheme 5. Gold(I)-catalyzed oxidative cyclization of 1,5-, 1,6- and 1,7-enynes. 
The proposed mechanism for these transformations suggests the initial formation of a-
oxo gold(I) carbene intermediate IV and V that undergoes intramolecular 
cyclopropanation to afford bicyclic products 4 and 5. However, the overall process can 
be viewed as an initial gold(I)-catalyzed enyne cyclization and subsequent trapping of 
the carbene with the oxidant. In this type of reactions, it was observed that the 
substitution pattern of the alkyne (terminal vs. non-terminal) and alkene, together with 
																																								 																				
153. (a) P. W. Davies, A. Cremonesi, N. Martin, Chem. Commun. 2011, 47, 379-381. (b) C.-F. Xu, M. Xu, 
Y.-X. Jia, C.-Y. Li, Org. Lett. 2011, 13, 1556-1559. (c) W. He, C. Li, L. Zhang, J. Am. Chem. Soc. 2011, 
133, 8482-8485. (d) Y. Luo, K. Ji, Y. Li, L. Zhang, J. Am. Chem. Soc. 2012, 134, 17412-17415. 
154. D. Vasu, H.-H. Hung, S. Bhunia, S. A. Gawade, A. Das, R.-S. Liu, Angew. Chem. Int. Ed. 2011, 50, 
6911-6914. 
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the nature of the oxidant employed generally determine the reaction outcome (products 
of type 4 with cyclic ketones vs. products of type 5 with pendant aldehydes or 
ketones).154 The enantioselective variant of this type of reactions has been achieved by 
using chiral phosphoramidite gold(I) catalysts.156 
Barbaralones, Bullvalones and Bullvalenes: Fluxional Molecules 
Fluxional molecules are dynamic, shapeshifting structures that rapidly interchange 
between a number of constitutional isomers through low-energy rearrangements. 
Barbaralones (6a), bullvalones (7a) and bullvalenes (8a) are fluxional molecules key in 
the understanding of valence tautomerism phenomena (Figure 1). 157  This type of 
tautomerism is based on the rapid rupture and formation of singe and/or double bonds 
without migration of atoms or groups. 
 
Figure 1. Barbaralone (6a), bullvalone (7a) and bullvalene (8a). 
The aforementioned fluxional molecules undergo low energy [3.3]-sigmatropic 
rearrangements, more specifically known as Cope rearrangements. In the case of 
bullvalene (8a), all the C-C bonds are in continuous movement due to multiple and fast 
degenerated Cope rearrangements. As a consequence, all the carbon and hydrogen atoms 
of the molecule are equivalent, on the nuclear magnetic resonance time scale, the proton 
NMR spectra consisting of a single sharp signal at high temperature (ca. ≥ 120 ºC). At 
low temperature (≤ -60 ºC), four aliphatic protons and six olefinic protons can be 
distinguished. These signals begin to coalescence as the temperature gradually increases. 
The number of degenerate tautomers for bullvalene (8a), a molecule with ten 
distinguishable positions and three symmetry axes, reaches the astonishing number of  
+,!
.
 = 1,209,600.158 In contrast, a lower number of constitutional isomers are possible for 
																																								 																				
156. D. Qian, H. Hu, F. Liu, B. Tang, W. Ye, Y. Wang, J. Zhang, Angew. Chem. Int. Ed. 2014, 53, 13751-
13755. 
157. (a) W. v. E. Doering, W. R. Roth, Angew. Chem. Int. Ed. 1963, 2, 115-122. (b) W. v. E. Doering, W. R. 
Roth, Tetrahedron 1963, 19, 715-737. (c) R. V. Williams, Chem. Rev. 2001, 101, 1185-1204. (d) D. A. 
Hrovat, E. C. Brown, R. V. Williams, H. Quast, W. T. Borden, J. Org. Chem. 2005, 70, 1627-2632. (e) 
M. He, J. W. Bode, Proc. Natl. Acad. Sci. U. S. A. 2011, 108, 14752-14756. 
158. (a) G. Schröder, Angew. Chem. Int. Ed. 1963, 2, 481-482. (b) M. Saunders, Tetrahedron Lett. 1963, 4, 
1699-1702. (c) G. Schröder, Chem. Ber. 1964, 97, 3140-3149. (d) R. Merényi, J. F. M. Oth, G. Schröder, 
Chem. Ber. 1964, 97, 3150-3161. (e) G. Schröder, J. F. M. Oth, R. Merényi, Angew. Chem. Int. Ed. 
1965, 4, 752-761. (f) J. F. M. Oth, K. Müllen, J.-M. Gilles, G. Schröder, Helv. Chim. Acta 1974, 57, 
1415-1433. (g) R. Poupko, H. Zimmermann, Z. Luz, J. Am. Chem. Soc. 1984, 106, 5391-5394. (h) B. H. 
Maeir, W. L. Earl, J. Am. Chem. Soc. 1985, 107, 5553-5555. (i) P. Luger, K. Roth, J. Chem. Soc., Perkin 
Trans. II 1989, 649-655. (j) J. J. Titman, Z. Luz, H. W. Spiess, J. Am. Chem. Soc. 1992, 114, 3765-3771. 
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substituted bullvalenes159 and only two exist for barbaralone and bullvalone.160 The two 
possible isomers of bullvalone (7a) are structurally different, the equilibrium being 
dominated by the most stable one (Scheme 6). 
 
Scheme 6. Fluxionality in bullvalene (8a), barbaralone (6a), bullvalone (7a). 
Bullvalene (8a) was a conceptual molecule, whose structure and properties were 
predicted by Doering and Roth in 1963 as part of a study on thermal rearrangements.157a,b 
These investigations led to the conclusion that the particular structure of bullvalene, that 
forces its 3,4-homotropilidene units to adopt a boat-like structure, is ideal for rapid and 
multiple strain-assisted degenerate Cope rearrangements to take place (Scheme 6). 
Related findings would apply to barbaralone (6a) and bullvalone (7a), which bear similar 
boat-like cycloheptadiene-containing structures. Interestingly, the name bullvalene 
originates in the nickname that was given to von Doering, whose students called “bull”, 
due to his tough and feared research group seminars, and was chosen to rhyme with 
fullvalene, a molecule of great interest for the group at that time.  
																																								 																				
159. (a) B. Volkmann, G. Schröder, Chem. Ber. 1984, 117, 2226-2232. (b) K. Rebsamen, G. Schröder, Chem. 
Ber. 1993, 126, 1419-1423. (c) K. Rebsamen, G. Schröder, Chem. Ber. 1993, 126, 1425-1427. (d) K. 
Rebsamen, H. Röttele, G. Schröder, Chem. Ber. 1993, 126, 1429-1433. (e) R. Poupko, H. Zimmermann, 
K. Müller, Z. Luz, J. Am. Chem. Soc. 1996, 118, 7995-8005. (f) K. Müller, H. Zimmermann, C. Krieger, 
R. Poupko, Z. Luz, J. Am. Chem. Soc. 1996, 118, 8006-8014. (g) R. Poupko, K. Müller, C. Krieger, H. 
Zimmermann, Z. Luz, J. Am. Chem. Soc. 1996, 118, 8015-8023. (h) Z. Luz, L. Olivier, R. Poupko, K. 
Müller, C. Krieger, H. Zimmermann, J. Am. Chem. Soc. 1998, 120, 5526-5538. (i) A. R. Lippert, J. 
Kaeobamrung, J. W. Bode, J. Am. Chem. Soc. 2006, 128, 14738-14739. (j) A. R. Lippert, V. L. 
Keleshian, J. W. Bode, Org. Biomol. Chem. 2009, 7, 1529-1532. (k) A. R. Lippert, A. Naganawa, V. L. 
Keleshian, J. W. Bode, J. Am. Chem. Soc. 2010, 132, 15790-15799. (l) K. K. Larson, M. He, J. F. 
Teichert, A. Naganawa, J. W. Bode, Chem. Sci. 2012, 3, 1825-1828. (m) M. He, J. W. Bode, Org. 
Biomol. Chem. 2013, 11, 1306-1317. (n) J. F. Teichert, D. Mazunin, J. W. Bode, J. Am. Chem. Soc. 
2013, 135, 11314-11321.  
160. (a) J. B. Lambert, Tetrahedron Lett. 1963, 4, 1901-1906. (b) J. C. Barborak, S. Chari, P. v. R. Schleyer, 
J. Am. Chem. Soc. 1971, 93, 5275-5277. (c) H. Nakanishi, O. Yamamoto, Chem. Lett. 1975, 4, 513-516. 
(d) C. Engdahl, P. Ahlberg, J. Am. Chem. Soc. 1979, 101, 3940-3946. (e) P. Luger, K. Roth, J. Chem. 
Soc., Perkin Trans II 1989, 649-655. (f) E. R. Johnston, J. S. Barber, M. Jacomet, J. C. Barborak, J. Am. 
Chem. Soc. 1998, 120, 1489-1493.  
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Figure 2. Image of variable temperature 1H NMR spectra (d in ppm) of bullvalene in CDCl3 at 25 
ºC and in (CD3)2CO at -90 ºC.  
Synthesis of Fluxional Molecules 
Preparation of Barbaralones 
The preparation of these fluxional molecules typically requires multistep procedures that 
proceed with low overall yield. The optimized synthesis of barbaralone (6a) 161 
commences with the Buchner reaction of ethyl diazoacetate with benzene under harsh 
conditions, affording 9. Hydrolysis of the ester to the carboxylic acid, followed by 
reaction with SOCl2 gives the corresponding acyl chloride, which reacts with toxic and 
explosive diazomethane to yield diazomethyl ketone 10. Treatment of 10 with Cu(II) 
salts led to the formation of barbaralone 6a (Scheme 7). This was the procedure of choice 
to prepare barbaralone for years, even though some improvements were introduced, such 
as the implementation of a Rh-catalyzed Buchner reaction, that allowed decreasing the 
reaction temperature to 45 ºC and the reaction time to 8-10 h.162 
																																								 																				
161. W. von E. Doering, B. M. Ferrier, E. T. Fossel, J. H. Hartenstein, M. Jones, Jr, G. Klumpp, R. M. Rubin, 
M. Saunders, Tetrahedron 1967, 23, 3943-3963. 
162. E. R. Johnston, J. S. Barber, M. Jacomet, J. C. Barborak, J. Am. Chem. Soc. 1998, 120, 1489-1493. 
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Scheme 7. Preparation of barbaralone (6a) from benzene and ethyl diazoacetate. 
Barbaralone (6a) has also been synthesized from (cyclooctatetraene)tricarbonyliron 11 
by reaction with aluminum trichloride and further carbonylation of the resulting iron 
complex under CO pressure to liberate barbaralone (6a) in ca. 36% yield over two steps 
(Scheme 8).163 
 
Scheme 8. Preparation of barbaralone (6a) from (cyclooctatetraene)tricarbonyliron 11. 
1-Methylbarbaralone (see Figure 1 for numbering) was synthesized following a 
procedure similar to the one shown in Scheme 7, using diazoethane instead of 
diazomethane in the reaction with cycloheptatriene acyl chloride, to give the 1-methyl 
analogue of 10.160b However, prior to our work, no general synthetic procedure for the 
preparation of substituted barbaralones had been described, which limited the access to 
other fluxional analogues and potentially relevant molecules.164 
Preparation of Bullvalenes and Bullvalones 
Different strategies have been used to synthesize bullvalenes. The first preparation of this 
molecule dates from 1963 and was accomplished by Schröder and co-workers via 
photochemical opening of cyclooctatetraene dimer 12, leading to bullvalene in a low 6% 
overall yield (two steps) and benzene as side-product (Scheme 9).158a,c,d 
 
Scheme 9. First synthesis of bullvalene (8a). 
																																								 																				
163. V. Heil, B. F. G. Johnson, J. Lewis, D. J. Thompson, J. Chem. Soc., Chem. Commun. 1974, 270-271.  
164. For two alternative procedures, see: (a) E. Vedejs, R. A. Gabel, P. D. Weeks, J. Am. Chem. Soc. 1972, 
94, 5842-5845. For cyclopentannulated barbaralones by photocycloaddition of 2-(pent-4-yn-1-
yl)tropones see: (b) K. S. Feldman, J. H. Come, G. J. Fegley, B. D. Smith, M. Parvez, Tetrahedron Lett. 
1987, 28, 607-610. (c) S. Kirchmeyer, A. de Meijere, Helv. Chim. Acta 1990, 73, 1182-1196. 
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Soon after, bullvalene (8a) was obtained by ultraviolet irradiation of 9,10-
dihydronaphthalene 14, prepared by thermal partial decomposition of Nenitzescu 
hydrocarbon 13 at 301 ºC. However, 8a was obtained together with naphthalene and 
other undetermined products of difficult separation (Scheme 10).165 
 
Scheme 10. Second synthesis of bullvalene (8a). 
Another reported strategy was based on the ultraviolet irradiation of bicyclo[4.2.2]-deca-
2,4,7,9-tetraene 15 that afforded 8a cleanly in 64% yield.166 The main drawback of this 
approach was the tedious and low yielding preparation of 15a in 7 steps from 
cyclooctatetraene and ethyl diazoacetate (Scheme 11).167 
 
Scheme 11. Preparation of bullvalene (8a) from cyclooctatetraene and ethyldiazo acetate. 
Two different approaches envisioned barbaralone (6a), as prepared in Scheme 7, as the 
starting point en-route to bullvalene (8a). The first report on this strategy allowed the 
preparation of 8a in 4 additional steps from 6a (Scheme 12a). It commenced with the one 
carbon homologation of barbaralone (6a) using hazardous diazomethane, which afforded 
bullvalone (7a) in low 25% yield, along with an isomeric aldehyde 6’ (24%). Reduction 
of the ketone to the alcohol followed by acetylation (40%, two steps) and final pyrolysis 
at 345 ºC led to a 1:1 mixture of bullvalene (8a) and cis-9,10-dihydronaphthalene.161,168 
In summary, bullvalene (8a) was obtained in 9 steps and low overall yield. The other 
related strategy describes the optimization of the original preparation of barabaralone (6a) 
and the synthesis of bullvalene (8a) from bullvalone (7a) in 3 additional steps, which 
differ significantly from the previously commented strategy (Scheme 12b). In this case, 
after the conversion of barbaralone (6a) into bullvalone (7a) by homologation with 
diazomethane, tosylhydrazone 15’ is formed from 7a through an unexpected 
rearrangement (Scheme 12b) and engaged in a Shapiro reaction to give hydrocarbon 15a 
																																								 																				
165. W. von E. Doering, J. W. Rosenthal, J. Am. Chem. Soc. 1966, 88, 2078-2079. 
166. M. Jones Jr, L. T. Scott, J. Am. Chem. Soc. 1967, 89, 150-151. 
167. (a) S. Akiyoshi, T. Matsuda, J. Am. Chem. Soc. 1955, 77, 2476-2476. (b) D. D. Phillips, J. Am. Chem. 
Soc. 1955, 77, 5179-5180. (c) K. F. Bangert, V. Boekelheide, J. Am. Chem. Soc. 1964, 86, 905-908. (d) 
K. F. Bangert, V. Boekelheide, J. Am. Chem. Soc. 1964, 86, 1159-1160. (e) M. Jones, L. T. Scott, J. Am. 
Chem. Soc. 1970, 92, 3118-3126. 
168. The yield for this last step was not provided in the original report. 
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(see Scheme 11),166 which is then converted to 8a by ultraviolet irradiation.169 In this way, 
8a was prepared in 9 steps and ca. 2% overall yield. 
 
Scheme 12. Preparation of bullvalone (7a) and bullvalene (8a) from barbaralone (6a). 
Ingenious, although lengthy, preparations of highly substituted bullvalenes (ca. 14 steps) 
have been designed by the group of Bode. They found interesting applications of the 
corresponding products in supramolecular adaptive binding and sensing.159i-n 
Nevertheless, most bullvalenes have been synthesized from parent 8a. For example, 
phenylbullvalene (8b) could be obtained in three steps (26% yield) from 8a by 
dibromination with Br2 followed by dehydrobromination with KOtBu and reaction of the 
resulting bromobullvalene with Ph2CuLi (Scheme 13).159d Most monosubstituted 
bullvalenes have been prepared by derivatization of bromobullvalene.159b,c,d In contrast to 
parent bullvalene (8a), monosubstituted bullvalenes’ valence isomers are not structurally 
equivalent. For monosubstituted bullvalenes there are four possible positional isomers 
(X1, X2, Y and Z, Figure 3), which can be interconverted at room temperature by Cope 
																																								 																				
169. J. Casas, F. Serratosa, An. Quím. 1977, 73, 300-302.  
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rearrangements.170 The equilibrium between these four positional isomers is dynamic at 
high temperatures but frozen at low temperatures. The equilibrium composition is 
influenced by the nature of the substituent R. Despite the substituent preferentially 
occupies an olefinic position (X1 and/or X2) in most cases, some exceptions can be found. 
Examples of these exceptions are the preference of the fluorine substituent for the 
methine carbon on bullvalene (Y), or the slight preference for the aliphatic positions on 
bullvalene (Z) of hydroxymethyl (-CH2OH), methoxymethyl (-CH2OCH3), and 
acetoxymethyl (-CH2OAc) groups.170  
 
Scheme 13. Preparation of phenylbullvalene (8b). 
 
Figure 3. The four possible positional isomers for monosubstituted bullvalenes. 
The same strategy as for the preparation of phenylbullvalene (8b) was employed for the 
synthesis of di-, tri-, tetra-, penta- and hexaphenyl or methyl substituted bullvalenes. 
Multiple dibromination/dehydrobromination sequences afforded polybrominated 
bullvalenes that reacted with the corresponding diorganocopper reagents to give the final 
polysubstituted bullvalenes.159b,d The number of possible interconvertible isomers 
decreases with the substitution. Reaction of dibrominated bullvalenes with NaCu(CN)2 
allowed the formation of dicyano-substituted bullvalenes, that could be further converted 
into carboxylic acid-, methyl ester-, aldehyde- and alcohol-disubstituted bullvalenes 
(Scheme 14).157b,158a,f,171 Bullvalenes featuring two different substituents have also been 
prepared via monosubstitution of one bromine atom in dibromobullvalene or methyl 
bromobullvalene by a cyano group.159a,170 
																																								 																				
170. G. Schröder, J. F. M. Oth, Angew. Chem. Int. Ed. 1967, 6, 414-423. 
171. (a) T. L. Venable, R. B. Maynard, R. N. Grimes, J. Am. Chem. Soc. 1984, 106, 6187-6193. (b) E. K. 
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Scheme 14. Synthesis of disubstituted bullvalenes. 
A remarkable 2-step and high-yielding synthesis of bullvalene and substituted 
bullvalenes has been disclosed by the groups of Fallon and Pašteka at the beginning of 
2018. 172  This procedure is based on a cobalt-catalyzed [6+2] cycloaddition of 
cyclooctatetraene with acetylenes that gives products 15, previously encountered as 
intermediates in the synthesis of bullvalenes (see Scheme 11).166,169  Ultraviolet 
irradiation of compounds 15 afforded bullvalene 8a (60% yield, 2 steps) and a range of 
mono- and disubstituted bullvalenes (Scheme 15). Although this procedure constitutes 
the shortest and most efficient synthesis of bullvalene to date, it does not allow the 
formation of aryl-substituted bullvalenes, which is a limitation of this approach. 
 
Scheme 15. Most recent synthesis of bullvalene (8a) and substituted bullvalenes 8. 
Generation of Fluxional Barbaralyl Cations with Gold 
In 2012, our group reported the formation of 1- and 2-substituted indenes (17 and 18 
respectively) via gold-catalyzed cyclization of 7-alkynyl cycloheptatrienes 16 under mild 
conditions.173 The proposed mechanism for this transformation is rather complex and 
suggested the generation of fluxional barbaralyl gold(I) intermediates VI, that evolved 
differently through a series of complex rearrangements to form indene products 17 
and/or 18 depending on the gold catalyst used (Scheme 16). 
																																								 																				
172. O. Yahiaoui, L. F. Pašteka, B. Judeel, T. Fallon, Angew. Chem. Int. Ed. 2018, 57, 2570-2574. 
173. P. R. McGonigal, C. de León, Y. Wang, A. Homs, C. R. Solorio-Alvarado, A. M. Echavarren, Angew. 
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Scheme 16. Preparation of 1- and 2-substituted indenes via the generation of gold-stabilized 
barbaralyl cations. 
The structure of intermediate VI resembles that of barbaralone (6a), the same carbon 
skeleton can be identified in both species. By analogy to the reactivity documented for 
the gold(I)-catalyzed oxidative cyclizations of enynes covered in the corresponding 
section of the introduction to this chapter, the synthesis of barbaralone (6a) and 1-
substituted barbaralones (6) could formally be viewed as the trapping of the gold carbene 
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The easy and mild access to gold-stabilized barbaralyl cations via gold-catalyzed 
cyclization of 7-alkynyl cycloheptatrienes, along with the identification of the 
barbaralone carbon skeleton among the intermediates of this reaction, prompted us to 
develop an efficient methodology for the gold-catalyzed oxidative cyclization of 7-
alkynyl cycloheptatriene substrates, which could afford barbaralone and 1-substituted 
barbaralones in a general manner. These fluxional compounds could be used as a 
platform for the construction of bullvalones, bullvalenes, their substituted equivalents, 
and other related cage-type structures. 
 
Scheme 17. Au-mediated access to 1-substituted barbaralones and fluxional analogues. 
The need to improve the current synthetic methods for the preparation of barbaralone, 
and the lack of a general procedure for the synthesis of 1-substituted barbaralones, which 
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Results and Discussion 
Synthesis of Barbaralones through Gold(I)-Catalyzed Oxidative 
Cyclization 
As mentioned in the introduction, it was reported that 7-ethynyl-1,3,5-cycloheptatrienes 
16 reacted under gold catalysis to form fluxional barbaralyl gold(I) intermediates VI, 
which after a series of complex rearrangements yielded indenes 17 or 18 (Scheme 18).173 
Since the gold-catalyzed oxidation of alkynes has been shown to take place readily with 
oxidants such as sulfoxides or pyridine N-oxides to form a-oxo gold(I) carbenes, we 
envisioned that the oxidation of intermediates VI could lead to a general synthesis of 1-
substituted barbaralones 6. On the other hand, compounds 6 could also be formed by a 
gold(I)-catalyzed oxidation of the alkyne in 7-ethynyl-1,3,5-cycloheptatriene substrates 
16. However, this oxidation could lead to two regioisomeric a-oxo gold(I) carbenes 
VIIIa and/or VIIIb, of which only VIIIb would lead to barbaralones 6 by an 
intramolecular cyclopropanation (Scheme 18). Whereas gold(I)-catalyzed oxidative 
cyclizations of terminal alkynes show a preference for the formation of the terminal 
carbene, little selectivity is observed in internal alkynes, which depends on the electronic 
and steric properties of the substituents.147 If this hypothesis was successful, we could 
gain access to 1-substituted barbaralones 6 in a straightforward manner in just two steps, 
consisting of the preparation of 7-ethynyl-1,3,5-cycloheptatrienes 16 and the gold(I)-
catalyzed oxidative cyclization of these substrates. 
 
Scheme 18. Hypothesis for the formation of barbaralones 6 via gold(I)-catalyzed oxidative 
cyclization of 7-ethynyl-1,3,5-cycloheptatrienes 16. 
7-Ethynyl-1,3,5-cycloheptatrienes 16, which are found to be in equilibrium with 
norcaradiene tautomeric forms 16’, could be readily synthesized in a general manner via 
a single step procedure involving the lithiation of terminal alkynes followed by reaction 
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Scheme 19. Preparation of 7-ethynyl-1,3,5-cycloheptatrienes 16. 
For the specific case of 7-ethynyl-1,3,5-cycloheptatriene 16a we used ethynyl 
magnesium bromide in the presence of LiCl as additive instead of the lithium acetylide 
(Scheme 20). 
 
Scheme 20. Preparation of 7-ethynyl-1,3,5-cycloheptatriene 16a. 
We started our investigations using 7-phenyl-1,3,5-cycloheptatriene 16b as model 
substrate for the gold-catalyzed oxidative cyclizations. The reaction of 16b with different 
gold(I) catalysts in the presence of a variety of oxidants including diphenyldulfoxide 
(Ox1), pyridine N-oxide (Ox2), 3,5-dichloropyridine N-oxide (Ox3) and 8-methyl 
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Table 1. Gold(I)-catalyzed oxidative reaction of 16b towards 1-phenylbarbaralone 6b. 
 










1 A Ox1 2.5 100 12 
(13)b 
58 
2 A Ox2 16 41 5 - 
3 A Ox3 2.5 100 50 
(50)b 
28 
4 A Ox4 16 100 23 - 
5 B Ox1 3 100 15 63 
6 B Ox2 24 48 4 - 
7 B Ox3 3 100 30 36 
8 B Ox4 3 100 9 - 
9 C Ox1 3 100 17 66 
10 C Ox2 19 34 4 - 
11 C Ox3 3 100 32 42 
12 C Ox4 3 100 10 traces 
13 D Ox1 3 100 77 traces 
14 D Ox2 24 50 2 - 
15 D Ox3 3 100 64 traces 
16 D Ox4 3 100 7 - 
17 E Ox1 2.5 100 20 traces 
18 E Ox3 2.5 57 30 traces 
19 F Ox1 5 100 14 61 
20 F Ox2 5 32 4 - 
21 F Ox3 5 85 61 - 
22 F Ox4 5 25 8 - 
23 MeSO3Hc Ox3 2.5 100 -d -d 
24 Zn(OTf)2e Ox3 24 0 - - 
a Yields determined by 1H NMR using mesitylene as internal standard. b Isolated 
yield in parenthesis. c 4 equiv. d Complex mixture. e 10 mol%. 
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We were delighted to observe the formation of 1-phenyl barbaralone 6b, although in low 
yield, in our first attempt of this reaction in the presence of catalyst A and Ox1. When 
gold(I) complexes bearing phosphine ligands were employed, the highest yields of 1-
phenyl barbaralone (6b) were observed when using Ox3 as oxidant. Johnphos gold(I) 
complex A in combination with Ox3, led to 1-phenylbarbaralone (6b) in 50% yield, 
together with smaller amounts of 2-phenyl-1H-indene (17b), arising from the direct 
gold(I)-mediated cycloisomerization of substrate 16b (Table 1, entry 3). Related gold(I) 
complexes B and C afforded 6b in lower yields in the presence of Ox3 (Table 1, entries 7 
and 11). The best yield of 6b was obtained using NHC gold complex D and either Ox1 or 
Ox3 (Table 1, entries 13 and 15 respectively). Oxidants Ox2 and Ox4 led to very poor 
results with this catalyst (Table 1, entries 14 and 16). Interestingly, whereas phosphite 
gold(I) complex E afforded low yields of 6b (Table 1, entries 17 and 18), picolinate 
gold(III) complex F in the presence of Ox3 provided 6b in moderate yield (Table 1, entry 
21). Reactions of alkynes with pyridine N-oxides have also been reported to proceed in 
the presence of Brønsted acids174 or Zn(II) catalysts.175 However, with our system, a 
complex reaction mixture was obtained in the presence of methanesulfonic acid (Table 1, 
entry 23) and starting material was recovered when Zn(OTf)2 was used as the catalyst. 
With the aim of assessing the generality of this oxidative cyclization, various 7-ethynyl-
1,3,5-cycloheptatrienes (16a-v) were prepared and the combinations of catalysts and 
oxidants that provided the best results in the preliminary studies (Conditions A: Catalyst 
D, Ox1; Conditions B: Catalyst D, Ox3; Conditions C: Catalyst A, Ox3) were tested on 
these substrates. The conditions affording the highest yields of 1-substituted barbaralones 
6, for each 7-ethynyl-1,3,5-cycloheptatriene substrate, are shown in Scheme 21. The 
simplest substrate, 7-ethynyl-1,3,5-cycloheptatriene (16a), gave barbaralone (6a) in 97% 
yield. The reaction was compatible with 7-(arylethynyl)-1,3,5-cycloheptatrienes 16b-o 
possessing different o-, m- or p- substituents on the aromatic ring, such as methyl-, tert-
butyl, fluoro-, chloro-, methoxy-, or trifluoromethyl-, affording the corresponding 1-
substituted barbaralones (6b-o) in moderate to good yields. Substrates 16p-q bearing a 
																																								 																				
174. D.-F. Chen, Z.-Y. Han, Y.-P. He, J. Yu, L.-Z. Gong, Angew. Chem. Int. Ed. 2012, 51, 12307-12310. 















D: L = MeCN
SbF6
A: R = tBu, R’ = R’’ = H
B: R = tBu, R’ = R’’ = iPr
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naphthyl or a thiophenyl substituent led to the corresponding barbaralones 6p-q in yields 
up to 88%. This methodology was expanded to alkynyl cycloheptatrienes with aliphatic 
or alkyl groups (16s-v), including n-butyl, n-hexyl, 2-phenylethyl and cyclopropyl, 
giving the desired barbaralones 6s-v in moderate to excellent yields. This process was 
also applicable to a substrate containing two alkynes (16r) affording phenyl 
dibarbaralone 6r in 60% yield. The only substrate that was found to be unreactive under 
these oxidative conditions was the TMS-substituted 7-ethynyl-1,3,5-cycloheptatriene. In 
addition, 7-cyclohexylethynyl-1,3,5-cycloheptatriene led to the corresponding 1-
substituted barbaralone in low yields (ca. 10%) regardless of the reaction conditions 
employed. 
The structure of a wide variety of 1-substituted barbaralones 6 was confirmed by X-ray 
crystallography, is the case of 6a-d, 6q and 6r. It is worth mentioning that, with the 
exception of barbaralone 6a, none of the 1-substituted barbaralones synthesized through 
this methodology were precedented in the literature. Thus, barbaralones 6b-v were 
prepared, in the context of this work, for the first time. Furthermore, this catalytic 
procedure proved to be easily scalable, providing up to 850 mg of barbaralone (6a) in 
96% yield.  
According to previous studies on methyl-substitued barbaralone (6w) based on NMR 
techniques, the introduction of a methyl substituent was found to shift the sigmatropic 
equilibrium towards the 1-substituted isomer over the 5-substituted one (Scheme 
22).159e,160b In our study, 1-substitued barbaralones were the only species observed in 1H 
and 13C NMR at 25 ºC. This is in accordance with the aforementioned findings, showing 
that 1-substituted barbaralones are in all cases the most stable tautomers, regardless of 
the nature of the substituent, as confirmed by the X-ray diffraction structures of 6a-d, 6q 
and 6r. 
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Scheme 21. Gold(I)-catalyzed oxidative synthesis of barbaralones 6a-v. Conditions A: Catalyst D, 
Ox1; Conditions B: Catalyst D, Ox3; Conditions C: Catalyst A, Ox3. 
 
Scheme 22. Equilibrium between 1-methyl and 5-methylbarbaralones. 
Preparation of Bullvalones 
Having developed an efficient synthesis of barbaralones, we then examined the 
applicability of this gold(I)-mediated oxidative reaction for the preparation of bullvalone 
7a, a one-carbon homologue of barbaralone 6a. Thus, for this transformation a substrate 
bearing one additional carbon, such as propargyl cycloheptatriene 19, was required 
(Scheme 23). 
   X-ray
6a, 97%A
   X-ray
6b, 83%A
   X-ray
6c, 45%B
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Scheme 23. Proposed retrosynthetic analysis for bullvalone 7a. 
Propargyl cycloheptatriene 19 was prepared via a two-step procedure176 consisting of the 
reaction of sodium methoxide with tropylium tetrafluoroborate to give 
methoxycycloheptariene, and subsequent addition of the corresponding propargylic zinc 
bromide adduct (Scheme 24).  
 
Scheme 24. Synthesis of propargyl cycloheptatriene 19. 
The reaction of propargyl cycloheptatriene 19 with various gold(I) catalysts and PtCl2 in 
the presence of the previously employed oxidants was explored (Table 2). In all cases, 
instead of the desired bullvalone 7a arising from a 7-endo-dig oxidative cyclization, we 
observed starting material or formation of 1-formylbarbaralane 20, the product of a 6-
exo-dig process, whose structure was confirmed by X-ray crystallography. The formation 
of product 20, bearing a pendant aldehyde, is in disagreement with the general preference 
for the formation of terminal carbenes in gold-catalyzed oxidative cyclizations of 
terminal alkynes. This suggests that a mechanism involving a gold(I)-catalyzed 
cyclization of 19 through a 6-exo-dig process followed by oxidation of the corresponding 
gold(I) carbene intermediate with the external oxidant would be more probable. 
Whereas JohnPhos gold(I) complex A gave poor yields of 20 regardless of the oxidant 
used (Table 2, entries 1-4), good results were obtained with tBuXPhos gold(I) catalyst B’ 
and [IPrAu(MeCN)]SbF6 catalyst D with Ox1 (Table 2, entries 5 and 9). The 
combination of phosphite gold(I) complex E’ and Ox1 afforded the best yield of 20 
(Table 2, entry 13). The use of PtCl2 as catalyst in this transformation led to no reaction 




176. (a) W. v. E. Doering, L. H. Knox, J. Am. Chem. Soc. 1954, 76, 3203-3206. (b) P. L. Pauson, G. H. Smith, 











19, 14% (two steps)
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Table 2. Gold(I)-catalyzed oxidative reaction of propargyl cycloheptatriene (19) to give 1-
formylbarbaralane (20). 
 







1 A Ox1 18 95 37 
2 A Ox2 15b 54 - 
3 A Ox3 18 49 5 
4 A Ox4 15b 67 - 
5 B’ Ox1 17 100 91 (87)c 
6 B’ Ox2 17 69 - 
7 B’ Ox3 17 66 7 
8 B’ Ox4 17 75 - 
9 D Ox1 4 100 90 (87)c 
10 D Ox2 15b 48 - 
11 D Ox3 18 55 8 
12 D Ox4 15b 52 - 
13 E’ Ox1 6 100 92 
14 E’ Ox2 24 20 - 
15 E’ Ox3 24 10 - 
16 E’ Ox4 24 17 - 
17 PtCl2 Ox1 41 34 9 
18 PtCl2 Ox2 41 12 - 
19 PtCl2 Ox3 41 20 4 
20 PtCl2 Ox4 41 58 - 
a Yields determined by 1H NMR using mesitylene as internal standard.          
b Additional 10 h at 40 ºC. c Isolated yield in parenthesis. 
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At this stage, we considered to access bullvalones (7) via barbaralones (6) en route to 
bullvalenes (8). As mentioned in the introduction, one-carbon homologation of 6a with 
diazomethane has been reported to give bullvalone (7a) (24% yield) along with an 
isomeric aldehyde 6’ (34% yield) (see Scheme 12).161 In order to avoid the use of 
hazardous diazomethane, we performed the homologation of barbaralone 6a and 
phenylbarbaralone 6b using the lithium anion of (trimethylsilyl)diazomethane.177 In this 
manner, bullvalone (7a) and phenylbullvalone (7b) were obtained in 37 and 22% yield 
respectively. The structure of 7b was confirmed by X-ray crystallography (Scheme 25). 
Interestingly, the previously reported isomeric aldehyde 6’ was not observed under these 
conditions. Reduction of the ketone in bullvalone 7a afforded the corresponding alcohol 
7a’, which is in equilibrium through Cope rearrangements with 7a’’, whose structure was 
confirmed by X-ray diffraction.  
 
Scheme 25. Preparation of bullvalones 7a and 7b. 
Synthesis of Bullvalenes 
Different procedures were explored in order to access bullvalene 8a and 
phenylbullvalene 8b from the corresponding bullvalones 7a and 7b. We first considered 
the formation of bullvalenes via reduction of bullvalones 7 to secondary alcohols 7’ and 
subsequent dehydration to generate the double bond present in bullvalenes 8 (Scheme 
																																								 																				



















D: L = MeCN
SbF6
A: R = tBu, R’ = R’’ = H, X = SbF6
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26). However, the corresponding alcohols 7a’ and 7b’ proved to be unreactive towards 
the dehydration under acidic conditions (H2SO4) or in the presence of dehydrating agents 
such as Burgess reagent or Martin sulfurane. Based on these results, we decided to 
convert the secondary alcohols into good leaving groups such as mesylate, tosylate or 
thionocarbonate, wich could be eliminated upon heating, installing the double bond 
encountered in bullvalenes. Despite our efforts, all reactions afforded complex mixtures 
of products along with starting material or decomposition. We then applied the 
previously reported procedure for the synthesis of bullvalenes via Shapiro reaction of 
bullvalone tosylhydrazone followed by photochemical rearrangement169 (see Scheme 12). 
However, the Shapiro reaction of the corresponding tosylhydrazones, carried out with 
MeLi, was not reproducible, leading to variable yields of inseparable mixtures of 
products 15 and bullvalenes 8. The final photochemical reaction of mixtures containing 
15 and 8 led in all cases to low conversion and poor yields of the corresponding 
bullvalenes.  
 
Scheme 26. Attempts of synthesis of bullvalenes 8a and 8b. 
We then envisioned a new approach for the synthesis of bullvalene 8a and 
phenylbullvalene 8b from the corresponding bullvalones (7a and 7b) in a two-step 
procedure. The protocol consists in the one-pot formation of the corresponding enol 
triflates178 using LDA and Comins’ reagent (in the case of bullvalone 7a), or LiHMDS 
and PhNTf2 (for bullvalone 7b), followed by immediate Pd(PPh3)4-catalyzed reduction of 
the triflate with n-Bu3SnH.179 This procedure allowed the formation of bullvalene (8a) 
and phenyl bullvalene (8b) in 44 and 60% yield respectively. Both structures were 
confirmed by X-ray diffraction (Scheme 27). Phenyl bullvalene 8b has been reported to 
exist as a 3:1 equilibrium with its 3-substituted isomer counterpart at -40 ºC.159b We 
confirmed this measurement and observed that the equilibrium was shifted towards 8b at 
-90 ºC (5.6:1 8b:8b’). These new syntheses of bullvalene (8a) and phenyl bullvalene (8b) 
constituted the most efficient routes to date, as they required a total of five steps from 
																																								 																				
178. Enol triflates proved to be unstable, thus had to be used immediately, without further purification. 
179. W. J. Scott, J. K. Stille, J. Am. Chem. Soc. 1986, 108, 3033-3040. 
OH
7a’: R = H, 83%
7b’: R = Ph, 55%
R
Dehydration
8a: R = H





1. NH2NHTs, PTSA, 
CH2Cl2, 23 ºC
2. MeLi, DME,
0 to 23 ºC hυ
pentane 
  23 ºC
15a: R = H, 35%
15b: R = Ph, 7%
R
+ 15a/15b
8a: R = H, 35%







8a: R = H
8b: R = Ph
R
O
7a: R = H
7b: R = Ph
R
a) LiAlH4, Et2O, 0 ºC
b) NaBH4, EtOH, 23 ºC
+ 8a/8b
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commercially available tropylium tetrafluoroborate, and the final bullvalenes were 
prepared in 10 and 7 % overall yield respectively.  
Various disubstituted bullvalenes 8c-e were also prepared from phenyl bullvalone (7b) 
through sequential formation of the enol triflate followed by Pd(PPh3)4-catalyzed Stille 
couplings with n-Bu3SnR (Scheme 28). 180  The molecular structure of diphenyl 
bullvalene 8c was determined by X-ray diffraction. Bullvalenes 8c-e were determined to 
exist, respectively, as 7.6:5.7:1, 5.2:1.5:1 and 3.8:2.3:1 mixtures, in equilibrium with the 
3,6- and 3,7-disubstituted isomers at -40 ºC.159b 
 
Scheme 27. Synthesis of bullvalenes 8a and 8b. 
																																								 																				
180. W. J. Scott, G. T. Crisp, J. K. Stille, J. Am. Chem. Soc. 1984, 106, 4630-4632. 
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Scheme 28. Synthesis of disubstituted bullvalenes 8c-e. 
Construction of Derived Polycyclic Cage-Type Molecules 
Barbaralones 6a-b were employed as the starting materials for the preparation of 
complex polycyclic cage-type structures by further gold(I)-catalyzed reactions. Highly 
fused products 22a-b were obtained in two steps from barbaralones 6a-b, through the 
addition of ethynyl magnesium bromide to the ketone and subsequent gold(I)-catalyzed 
reaction of the corresponding alcohols 21a-b, which appeared to proceed by a new type 
of cyclization/rearrangement (Scheme 29). Structures 22a-b were confirmed by X-ray 
diffraction. 
According to our mechanistic proposal, unprecedented tetracyclic cages 22a-b are most 
likely formed by coordination of gold(I) to the alkyne of the minor tautomer of 21a-b to 
give IXa-b, followed by intramolecular attack of the alkene, in a 1,5-enyne cyclization 
process, to form delocalized intermediates Xa-b. These intermediates undergo a 
semipinacol-type rearrangement to afford oxonium cations XIa-b, which, after 
protodeauration, yield products 22a-b. Although many different types of gold(I)-
catalyzed cycloisomerizations have been documented, the aforementioned formation of a 
five-membered ring by cyclization-rearrangement is, to the best of our knowledge, 
unprecedented. 
nBu3SnR, LiCl, Pd(PPh3)4





8d, 58% (two steps)
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    THF, 60 ºC, R = vinyl
nBu3SnR, LiCl, Pd(PPh3)4
    THF, 60 ºC, R = allyl
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Scheme 29. Preparation of highly fused molecules 22a-b. 
Similar yields of 22a were obtained with gold(I) complexes A, B’ or D (Table 3). 
Table 3. Gold(I)-catalyzed cyclization-rearrangement of 21a. 
 
Entry Catalyst Time (h) Conversion (%) 22a Yield (%)a 
1 A 17 100 52 (54)b 
2 B’ 17 100 52 
3 D 17 100 54 (55)b 
a Yields determined by 1H NMR using mesitylene as internal standard. b Isolated 
yield in parenthesis. 
 




a) cat. D (5 mol%)
b) cat. A (5 mol%)
21a: R = H, 98%
21b: R = Ph, 88%
22a: R = H, 55%
22b: R = Ph, 83%
CH2Cl2, 23 ºC     THF
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The best yield of phenyl-substituted product 22b was obtained with catalyst A (Table 4, 
entry 1), although comparable yields were measured with catalysts B’ and D (Table 4, 
entries 2 and 3).  
Table 4. Gold(I)-catalyzed cyclization-rearrangement of 21b. 
 
Entry Catalyst Time (h) Conversion (%) 22b Yield (%)a 
1 A 17 100 92 (83)b 
2 B’ 17 100 90 
3 D 17 100 85 
a Yields determined by 1H NMR using mesitylene as internal standard. b Isolated 
yield in parenthesis. 
 
In addition, complex ethenochromene polycyclic product 25 could be prepared from 
barbaralone (6a) in three steps. First, the ketone in 6a was reduced to form barbaralol 
23a, which was alkylated with propargyl bromide to afford 1,7-enyne 24a. Gold(I)-
catalyzed cyclization of 24a using catalyst D, presumably proceeds through intermediate 
XII, which then reacts with methanol to form cleanly tricyclic system 25 (Scheme 30). 
 
Scheme 30. Construction of ethenochromene 25. 
Interestingly, whereas gold(I) complexes A and D afforded product 25 in moderate 








































     cat. D (5 mol%)
MeOH, CH2Cl2, 23 ºC















D: L = MeCN
SbF6
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acetal 26a, arising from a gold(I)-catalyzed addition of methanol to the alkyne, as the 
major product of the reaction (Table 5, entry 2). 
Table 5. Gold(I)-catalyzed cyclization of 24a. 
 








1 A 17 100 31 0 
2 B’ 17 100 28 42 
3 D 17 100 53 (54)b 0 
a Yields determined by 1H NMR using mesitylene as internal standard. b Isolated 
yield in parenthesis. 
 
In contrast to the straightforward formation of 25 via gold(I)-catalyzed cyclization of 24a 
in the presence of methanol, the phenyl-substituted analogue substrate 24b did not 
undergo gold(I)-mediated cyclization to afford the corresponding phenyl-substituted 
ethenochromene product. Instead, a gold(I)-catalyzed addition of methanol to the alkyne 
to form acetal 26b was observed in all cases, regardless of the catalyst or conditions 
applied (Scheme 31). In the absence of methanol, decomposition was observed. 
 





















































cat. D (5 mol%)
MeOH, CH2Cl2, 23 ºC
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An efficient gold(I)-catalyzed oxidative cyclization of 7-(substituted ethynyl)-1,3,5-
cycloheptatrienes under mild conditions, providing 1-substituted barbaralones in a 
general manner, has been developed. The procedure allowed the preparation of a wide 
scope of unprecedented 1-substituted barbaralones (22 examples) with yields ranging 
from 35 to 97% (Scheme 32). In contrast to previous syntheses of barbaralones, this 
process circumvents the use of toxic CO under high pressure and reduces considerably 
the number of steps. 
 
Scheme 32. Preparation of 1-substituted barbaralones via gold(I)-catalyzed oxidative cyclization. 
The straightforward access to barbaralones enabled the accomplishment of the most 
efficient and general synthesis of bullvalene 8a (10% overall yield), phenyl bullvalene 
8b (7% overall yield) and disubstituted bullvalenes (8c, 8d, 8e) reported to date (Scheme 
33). The aforementioned fluxional molecules could be obtained in a total of five steps 
from commercially available starting materials, which compares favorably with previous 
procedures that required long linear sequences and proceeded with very low overall 
efficiency.  
 
Scheme 33. Synthesis of bullvalones 7 and bullvalenes 8 from barbaralones 6. 
This methodology provided an easy entry into the preparation of barbaralones and 
opened a route to construct complex cage-type molecules with unprecedented 
architectures that would be otherwise difficult to obtain (Scheme 34). 
 











8a: R = H




7a: R = H
7b: R = Ph
      8c, 8d, 8e
         R = Ph





 Et2O, THF, -78 to 23 ºC
OR
6a: R = H
6b: R = Ph
2 steps
and
22a: R = H 







6a: R = H
6b: R = Ph
2 or 3 steps
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The general information has been described in the experimental section of the first 
chapter. 
General Procedures 
General procedure (A) for the synthesis of 7-alkynylcyclohepta-1,3,5-trienes  
The cycloheptatriene substrates were prepared according to a literature procedure.173 An 
oven-dried two neck round bottomed flask under argon atmosphere was charged with the 
terminal alkyne substrate (1 equiv). Anhydrous THF was added and the resulting 
solution (0.17 M in alkyne) was cooled to -78 ºC before adding nBuLi (2.5 M in hexanes, 
1.1 equiv) and stirring for 40 min at this temperature. Solid tropylium tetrafluoroborate 
(1 equiv) was added, the cooling bath was removed, and the mixture stirred at room 
temperature for 5 h. The reaction was quenched with a saturated aqueous solution of 
NH4Cl, then extracted (x3) with EtOAc or Et2O (in the case of volatile compounds). The 
combined organic extracts were dried over MgSO4 and the solvent was removed under 
reduced pressure. (For volatile compounds, rotary evaporator bath at 19 ºC, ≥ 100 mbar). 
The crude residue was purified by column chromatography on silica gel with 
cyclohexane as eluent unless otherwise stated. 
General procedure (B) for the synthesis of 1-substituted barbaralones  
7-alkynylcyclohepta-1,3,5-triene (100.0 mg unless otherwise stated) and the oxidant (O) 
(2 equiv) were charged in a flask and dissolved in anhydrous CH2Cl2 (0.1 M solution in 
cycloheptatriene) at 23 ºC, with no particular precautions taken to exclude air. 
Subsequently, the gold (I) catalyst (5 mol%) was added in one portion at the same 
temperature and the reaction mixture stirred for the time indicated for each product. The 
reaction was quenched with a drop of Et3N and the solvent was removed under reduced 
pressure (for volatile compounds, rotary evaporator bath at 19 ºC, ≥ 100 mbar). The 
crude product was purified by column chromatography on silica gel eluting with the 
solvent indicated below (for volatile compounds, the solvent was removed under reduced 
pressure, rotary evaporator bath at 19 ºC, ≥ 100 mbar). 
General procedure (C) for cyclic ketone homologation with lithium 
trimethylsilyldiazomethane  
Bullvalone and 1-phenyl bullvalone were prepared according to a literature procedure.177 
In a Schlenk flask under argon, nBuLi (2.5 M in hexanes, 1.4 equiv) was diluted in 
anhydrous diethyl ether (0.28 M in nBuLi) and the solution cooled to -78 ºC. 
Me3SiCHN2 (2 M in Et2O, 1.3 equiv) was then added. The reaction mixture was stirred at 
this temperature for 30 min whereupon a cold solution of the ketone (1 equiv) in 
anhydrous THF (2 M in ketone) was added dropwise. The mixture was kept at -78 ºC for 
30 min, then a solution of MeOH (2 equiv) in anhydrous THF (1 M) was added. The 
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cooling was maintained at -78 ºC for 5 min and removed. The mixture was allowed to 
reach room temperature, then diluted with ether, and washed with water (x1) and brine 
(x1). The organic phase was dried over Na2SO4, then silica gel (50 equiv) was added and 
it was stirred for 15 min. It was filtered and the silica gel washed with additional diethyl 
ether. The solvent was removed under reduced pressure (for volatile compounds, rotary 
evaporator bath at 19 ºC, ≥ 100 mbar). The crude product was purified by column 
chromatography on silica gel eluting with the solvent indicated below, and preparative 
TLC on silica when required. 
General procedure (D) for the synthesis of disubstituted bullvalenes 
In a 10 mL Schlenk flask under argon, diisopropylamine (1.5 equiv) was diluted with 0.3 
mL anhydrous THF and cooled to 0 ºC. Then nBuLi (2.5 M in hexanes, 1.3 equiv) was 
added dropwise and the reaction mixture was stirred at this temperature for 30 min. It 
was cooled to -78 ºC and a solution of the ketone (10-30 mg, 1 equiv) in anhydrous THF 
(0.5 mL) was added. The reaction mixture was stirred for 2 h at this temperature before a 
solution of N-(5-chloro-2-pyridyl)bis(trifluoromethanesulfonimide) (Comins’ reagent, 
1.5 equiv) in anhydrous THF (0.3 mL) was added. The mixture was allowed to reach 0 
ºC in 4 h and was stirred at this temperature for an additional hour. The reaction was 
quenched with water and extracted (x4) with Et2O. The combined organic extracts were 
dried over Na2SO4 and the solvent was removed under reduced pressure. The crude 
residue was used directly without further purification. In a 10 mL schlenk flask under 
argon, LiCl (previously dried, 7.2 equiv) and Pd(PPh3)4 (2 mol%) were added and 
suspended in anhydrous THF (0.3 mL). A solution of the crude triflate (1 equiv) in 
anhydrous THF (0.5 mL) was added to the slurry followed by addition of Bu3SnR (1.5 
equiv) in anhydrous THF (0.3 mL) dropwise over 15 min. The mixture was heated at 60 
ºC for the time stated in each case.180 It was then diluted with pentane, washed with 5% 
ammonium hydroxide solution (x6) and brine (x1). The combined organic extracts were 
dried over Na2SO4 and the solvent was removed under reduced pressure. The crude 
product was purified by preparative TLC on silica using pentane as eluent.  
General procedure (E) for the preparation of ethynyltricyclo[3.3.1.02,8]nona-3,6-
dien-9-ol substrates 
To a solution of the ketone (150.0 mg, 1 equiv) in anhydrous THF (0.5 M in ketone) at 0 
ºC was added a solution of ethynyl magnesium bromide (0.5 M in THF, 1.5 equiv) 
dropwise and the resulting solution was stirred at 0 ºC for 15 min and warmed to 23 ºC 
for 2 h. The reaction was quenched with a saturated aqueous solution of NH4Cl and 
extracted (x4) with Et2O. The combined organic extracts were washed with brine (x1), 
dried over Na2SO4 and the solvent removed under reduced pressure (for volatile 
compounds, rotary evaporator bath at 19 ºC, ≥ 100 mbar). The crude product was 
purified by column chromatography on silica gel eluting with the solvent indicated below. 
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General procedure (F) for gold(I)-catalyzed cyclization of 9-
ethynyltricyclo[3.3.1.02,8]nona-3,6-dien-9-ol substrates 
9-Ethynyltricyclo[3.3.1.02,8]nona-3,6-dien-9-ol substrate (1 equiv) was charged in a vial 
and dissolved in anhydrous CH2Cl2 (0.1 M solution) at 23 ºC, with no particular 
precautions taken to exclude air. Subsequently the gold (I) catalyst (5 mol%) was added 
in one portion at the same temperature and the reaction mixture stirred for 17 h. The 
solvent was removed under reduced pressure (for volatile compounds, rotary evaporator 
bath at 19 ºC, ≥ 100 mbar). The crude product was purified by preparative TLC on silica 
gel (see eluent below). 
Experimental Procedures and Compound Characterization 
7-Ethynylcyclohepta-1,3,5-triene (16a) 
The title compound was prepared by reaction between ethynyl magnesium 
bromide and tropylium tetrafluoroborate, according to the procedure below, and 
obtained as a colorless oil (439.6 mg, 3.780 mmol, 67%). An oven-dried two-
neck round-bottom flask under argon atmosphere was charged with previously 
dried LiCl (0.524 g, 12.360 mmol, 2.2 equiv). Dry THF (33 mL, 0.17 M) was added and 
the resulting suspension was cooled to -78 ºC before adding a solution of ethynyl 
magnesium bromide (0.5 M in THF, 22.48 mL, 12.240 mmol, 2 equiv) and stirring for 
10 min at this temperature. Solid tropylium tetrafluoroborate (1.000 g, 5.620 mmol, 1 
equiv) was added and the mixture was stirred at this temperature for 10 min. Then the 
cooling bath was removed, and the mixture stirred at room temperature for 6 h. The 
reaction was quenched with a saturated aqueous solution of NH4Cl, then extracted with 
Et2O (x3). The combined organic extracts were dried over MgSO4 and the solvent was 
removed under reduced pressure (rotary evaporator bath at 19 ºC, ≥ 100 mbar). The 
crude residue was purified by column chromatography on silica gel eluting with pentane. 
1H NMR (400 MHz, CDCl3) δ 6.66 (dd, J = 3.6, 2.7 Hz, 2H), 6.23-6.15 (m, 2H), 5.38-
5.32 (m, 2H), 2.57-2.49 (m, 1H), 2.17 (d, J = 2.6 Hz, 1H). 13C NMR (101 MHz, CDCl3) 
δ 131.16 (2xC), 125.10 (2xC), 122.95 (2xC), 85.76, 68.52, 31.51. HRMS-APCI: 
calculated for C9H9 [M+H]+: 117.0699; found = 117.0703.  
 
7-(Phenylethynyl)cyclohepta-1,3,5-triene (16b) 
The title compound was prepared by reaction between phenyl acetylene 
(1.000 g, 9.790 mmol) and tropylium tetrafluoroborate (1.742 g, 9.790 mmol) 
according to general procedure (A), and obtained as a yellow oil (1.260 g, 
6.550 mmol, 67%). 
1H NMR (500 MHz, CDCl3) δ 7.50-7.46 (m, 2H), 7.33-7.30 (m, 3H), 6.70 
(dd, J = 3.7, 2.7 Hz, 2H), 6.25-6.20 (m, J = 8.7 Hz, 2H), 5.47-5.42 (m, 2H), 
2.72 (tt, J = 5.5, 1.5 Hz, 1H). 13C NMR (126 MHz, CDCl3) δ 131.86 (2xC), 131.17 
(2xC), 128.39 (2xC), 128.05, 124.91 (2xC), 123.61, 123.34 (2xC), 91.19, 80.76, 32.40. 
GC-MS-EI: calculated for C15H12 [M]·+: 192.1; found = 192.1. 
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The title compound was prepared by reaction between 1-ethynyl-2-
methylbenzene (1.000 g, 8.610 mmol) and tropylium tetrafluoroborate (1.532 
g, 8.610 mmol) according to general procedure (A), and obtained as a yellow 
oil (1.040 g, 5.040 mmol, 57%). 
1H NMR (500 MHz, CDCl3) δ 7.44 (d, J = 7.5 Hz, 1H), 7.23-7.19 (m, 2H), 
7.17-7.11 (m, 1H), 6.71-6.69 (m, 2H), 6.25-6.21 (m, 2H), 5.48-5.43 (m, 2H), 
2.78 (tt, J = 5.6, 1.5 Hz, 1H), 2.47 (s, 3H). 13C NMR (126 MHz, CDCl3) δ 140.31, 
132.07, 131.18 (2xC), 129.49, 128.04, 125.62, 124.91 (2xC), 123.60 (2xC), 123.33, 




The title compound was prepared by reaction between 1-ethynyl-3-
methylbenzene (538.0 mg, 4.490 mmol) and tropylium tetrafluoroborate 
(799.0 mg, 4.490 mmol) according to general procedure (A), and obtained as 
a yellow oil (726.0 mg, 3.520 mmol, 78%). 
1H NMR (400 MHz, CDCl3) δ 7.32-7.26 (m, 2H), 7.20 (t, J = 7.6 Hz, 1H), 
7.12 (d, J = 7.6 Hz, 1H), 6.70-6.67 (m, 2H), 6.24-6.18 (m, 2H), 5.46-5.41 (m, 
2H), 2.70 (tt, J = 5.5, 1.5 Hz, 1H), 2.34 (s, 3H). 13C NMR (126 MHz, CDCl3) 
δ 138.04, 132.48, 131.16 (2xC), 128.94, 128.91, 128.29, 124.87 (2xC), 123.44 (2xC), 
123.39, 90.81, 80.88, 32.41, 21.37. GC-MS-EI: calculated for C16H14 [M]·+: 206.1; 
found = 206.1. 
 
7-(para-Tolylethynyl)cyclohepta-1,3,5-triene (16e) 
The title compound was prepared by reaction between 1-ethynyl-4-
methylbenzene (500.0 mg, 4.300 mmol) and tropylium tetrafluoroborate 
(766.0 mg, 4.300 mmol) according to general procedure (A), and obtained as 
a pale yellow waxy solid (759.0 mg, 3.680 mmol, 85%).  
1H NMR (500 MHz, CDCl3) δ 7.36 (d, J = 8.1 Hz, 2H), 7.12 (d, J = 8.0 Hz, 
2H), 6.70-6.67 (m, 2H), 6.23-6.18 (m, 2H), 5.45-5.40 (m, 2H), 2.69 (tt, J = 
5.5, 1.6 Hz, 1H), 2.35 (s, 3H). 13C NMR (126 MHz, CDCl3) δ 138.05, 131.72 
(2xC), 131.14 (2xC), 129.13 (2xC), 124.82 (2xC), 123.52 (2xC), 120.51, 90.41, 80.81, 
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The title compound was prepared by reaction between 1-(tert-butyl)-4-
ethynylbenzene (500.0 mg, 3.160 mmol) and tropylium tetrafluoroborate 
(562.0 mg, 3.160 mmol) according to general procedure (A), and obtained 
as a white solid (611.0 mg, 2.46 mmol, 78%).  
1H NMR (500 MHz, CDCl3) δ 7.41-7.38 (m, 2H), 7.34-7.32 (m, 2H), 6.71-
6.66 (m, 2H), 6.24-6.18 (m, 2H), 5.46-5.40 (m, 2H), 2.70 (tt, J = 5.5, 1.5 Hz, 
1H), 1.31 (s, 9H). 13C NMR (126 MHz, CDCl3) δ 151.26, 131.56 (2xC), 
131.16 (2xC), 125.38 (2xC), 124.82 (2xC), 123.59 (2xC), 120.58, 90.46, 
80.77, 34.87, 32.45, 31.35 (3xC). HRMS-APCI: calculated for C19H21 [M+H]+: 
249.1638; found =249.1635. M.p. = 68-69 ºC. 
 
7-((2-Fluorophenyl)ethynyl)cyclohepta-1,3,5-triene (16g) 
The title compound was prepared by reaction between 1-ethynyl-2-
fluorobenzene (500.0 mg, 4.160 mmol) and tropylium tetrafluoroborate 
(741.0 mg, 4.160 mmol) according to general procedure (A), and obtained as 
a yellow oil (387.3 mg, 1.842 mmol, 44%). 
1H NMR (400 MHz, CDCl3) δ 7.50-7.43 (m, 1H), 7.32-7.26 (m, 1H), 7.12-
7.04 (m, 2H), 6.70 (dd, J = 3.6, 2.7 Hz, 2H), 6.26-6.20 (m, 2H), 5.48-5.42 (m, 
2H), 2.77 (tt, J = 5.5, 2.8 Hz, 1H). 13C NMR (101 MHz, CDCl3) δ 163.06 (d, JC-F = 
250.9 Hz), 133.81 (d, JC-F = 1.5 Hz), 131.18 (2xC), 129. 72 (d, JC-F = 8.0 Hz), 125.02 
(2xC), 123.98 (d, JC-F = 3.7 Hz), 122.97 (2xC), 115.58 (d, JC-F = 21.0 Hz), 112.12 (d, JC-F 
= 15.7 Hz), 96.56 (d, JC-F = 3.4 Hz), 74.14, 32.54. 19F NMR (376 MHz, CDCl3) δ (–




The title compound was prepared by reaction between 1-ethynyl-3-
fluorobenzene (320.5 mg, 2.670 mmol) and tropylium tetrafluoroborate 
(475.0 mg, 2.670 mmol) according to general procedure (A), and obtained as 
a yellow oil (317.8 mg, 1.512 mmol, 57%). 
1H NMR (400 MHz, CDCl3) δ 7.33-7.25 (m, 2H), 7.22-7.16 (m, 1H), 7.07-
7.00 (m, 1H), 6.72 (app. t, J = 3.2 Hz, 2H), 6.28-6.21 (m, 2H), 5.47-5.42 (m, 
2H), 2.75 (t, J = 5.5 Hz, 1H). 13C NMR (101 MHz, CDCl3) δ 162.51 (d, JC-F 
= 246.1 Hz), 131.20 (2xC), 129.92 (d, JC-F = 8.7 Hz), 127.74 (d, JC-F = 3.0 Hz), 125.48 (d, 
JC-F = 9.4 Hz), 125.07 (2xC), 122.84 (2xC), 118.69 (d, JC-F = 22.7 Hz), 115.41 (d, JC-F = 
21.2 Hz), 92.25, 79.66 (d, JC-F = 3.3 Hz), 32.29. 19F NMR (376 MHz, CDCl3) δ (–
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The title compound was prepared by reaction between 1-ethynyl-4-
fluorobenzene (104.0 mg, 0.866 mmol) and tropylium tetrafluoroborate 
(154.0 mg, 0.866 mmol) according to general procedure (A), and obtained as 
a yellow oil (92.2 mg, 0.439 mmol, 51%). 
1H NMR (400 MHz, CDCl3) δ 7.47-7.41 (m, 2H), 7.03-6.97 (m, 2H), 6.72-
6.67 (m, 2H), 6.26-6.18 (m, 2H), 5.45-5.39 (m, 2H), 2.70 (tt, J = 5.6, 1.5 Hz, 
1H). 13C NMR (101 MHz, CDCl3) δ 162.44 (d, JC-F = 248.7 Hz), 133.68 (d, 
JC-F = 8.4 Hz) (2xC), 131.19 (2xC), 124.98 (2xC), 123.15 (2xC), 119.67 (d, JC-F = 3.5 
Hz), 115.62 (d, JC-F = 22.1 Hz) (2xC), 90.84 (d, JC-F = 1.5 Hz), 79.71, 32.32. 19F NMR 
(376 MHz, CDCl3) δ (–111.17)-(-111.88) (m). GC-MS-EI: calculated for C15H11F [M]·+: 
210.1; found = 210.1. 
 
7-((2-Chlorophenyl)ethynyl)cyclohepta-1,3,5-triene (16j) 
The title compound was prepared by reaction between 1-chloro-2-
ethynylbenzene (110.0 mg, 0.805 mmol) and tropylium tetrafluoroborate 
(143.0 mg, 0.805 mmol) according to general procedure (A), and obtained as 
a yellow oil (87.5 mg, 0.386 mmol, 48%). 
1H NMR (400 MHz, CDCl3) δ 7.54-7.45 (m, 1H), 7.42-7.37 (m, 1H), 7.28-
7.16 (m, 2H), 6.70 (dd, J = 3.7, 2.7 Hz, 2H), 6.27-6.20 (m, 2H), 5.51-5.42 (m, 
2H), 2.79 (tt, J = 5.3, 1.2 Hz, 1H). 13C NMR (101 MHz, CDCl3) δ 136.16, 133.52, 
131.19 (2xC), 129.34, 129.07, 126.50, 125.04 (2xC), 123.44, 122.99 (2xC), 96.75, 77.66, 
32.56. GC-MS-EI: calculated for C15H11Cl [M]·+: 226.1; found = 226.1. 
 
7-((3-Chlorophenyl)ethynyl)cyclohepta-1,3,5-triene (16k) 
The title compound was prepared by reaction between 1-chloro-3-
ethynylbenzene (311.4 mg, 2.280 mmol) and tropylium tetrafluoroborate 
(406.0 mg, 2.280 mmol) according to general procedure (A), and obtained as 
a yellow oil (339.4 mg, 1.497 mmol, 66%). 
1H NMR (400 MHz, CDCl3) δ 7.47-7.45 (m, 1H), 7.34 (dt, J = 7.3, 1.5 Hz, 
1H), 7.29 (dt, J = 8.0, 1.7 Hz, 1H), 7.26-7.20 (m, 1H), 6.73-6.68 (m, 2H), 
6.27-6.20 (m, 2H), 5.46-5.38 (m, 2H), 2.73 (tt, J = 5.6, 1.3 Hz, 1H). 13C 
NMR (101 MHz, CDCl3) δ 134.18, 131.77, 131.17 (2xC), 129.96, 129.57, 128.32, 
125.31, 125.06 (2xC), 122.77 (2xC), 92.53, 79.48, 32.27. HRMS-APCI: calculated for 
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The title compound was prepared by reaction between 1-chloro-4-
ethynylbenzene (450.0 mg, 3.290 mmol) and tropylium tetrafluoroborate 
(586.0 mg, 3.290 mmol) according to general procedure (A), and obtained as 
a pale yellow waxy solid (412.0 mg, 1.817 mmol, 55%).  
1H NMR (400 MHz, CDCl3) δ 7.41-7.36 (m, 2H), 7.31-7.26 (m, 2H), 6.75-
6.64 (m, 2H), 6.26-6.18 (m, 2H), 5.46-5.37 (m, 2H), 2.71 (tt, J = 5.6, 1.5 Hz, 
1H). 13C NMR (101 MHz, CDCl3) δ 134.04, 133.09 (2xC), 131.19 (2xC), 
128.71 (2xC), 125.03 (2xC), 122.94 (2xC), 122.11, 92.22, 79.72, 32.34. GC-MS-EI: 
calculated for C15H11Cl [M]·+: 226.1; found = 226.1. M.p. = 34-36 ºC. 
 
7-((2,4-Difluorophenyl)ethynyl)cyclohepta-1,3,5-triene (16m) 
The title compound was prepared by reaction between 1-ethynyl-2,4-
difluorobenzene (200.0 mg, 1.448 mmol) and tropylium tetrafluoroborate 
(258.0 mg, 1.448 mmol) according to general procedure (A), and obtained as 
a yellow oil (112.0 mg, 0.491 mmol, 34%). 
1H NMR (400 MHz, CDCl3) δ 7.47-7.39 (m, 1H), 6.87-6.80 (m, 2H), 6.69 
(dd, J = 3.6, 2.7 Hz, 2H), 6.25-6.19 (m, 2H), 5.46-5.39 (m, 2H), 2.75 (tt, J = 
5.6, 2.8 Hz, 1H). 13C NMR (101 MHz, CDCl3) δ 163.37 (dd, JC-F = 253.6, 
12.1 Hz), 162.55 (dd, JC-F = 251.5, 11.4 Hz), 134.55 (dd, JC-F = 9.6, 2.9 Hz), 131.20 
(2xC), 125.09 (2xC), 122.80 (2xC), 111.53 (dd, JC-F = 21.8, 3.8 Hz), 108.43 (dd, JC-F = 
16.0, 4.0 Hz), 104.30 (t, JC-F = 25.43 Hz), 96.51-95.76 (m), 73.16, 32.46. 19F NMR (376 
MHz, CDCl3) δ (-106.19)-(-106.32) (m), (-107.82)-(-107.97) (m). GC-MS-EI: 
calculated for C15H10F2 [M]·+: 2281; found = 228.1. 
 
7-((4-Methoxyphenyl)ethynyl)cyclohepta-1,3,5-triene (16n) 
The title compound was prepared by reaction between 1-ethynyl-4-
methoxybenzene (1.000 g, 7.570 mmol) and tropylium tetrafluoroborate 
(1.346 g, 7.570 mmol) according to general procedure (A), and obtained as 
a yellow solid (1.300 g, 5.850 mmol, 77%). The isolation of the product 
was achieved eluting with cyclohexane to cyclohexane:ethyl acetate 95:5.  
1H NMR (500 MHz, CDCl3) δ 7.42-7.38 (m, 2H), 6.86-6.83 (m, 2H), 6.70-
6.67 (m, 2H), 6.23-6.19 (m, 2H), 5.45-5.40 (m, 2H), 3.81 (s, 3H), 2.69 (tt, J 
= 5.5, 1.5 Hz, 1H). 13C NMR (126 MHz, CDCl3) δ 159.46, 133.22 (2xC), 131.15 (2xC), 
124.80 (2xC), 123.63 (2xC), 115.74, 114.02 (2xC), 89.65, 80.52, 55.42, 32.43. GC-MS-












UNIVERSITAT ROVIRA I VIRGILI 
GOLD CATALYSIS: FROM FUNDAMENTALS TO THE SYNTHESIS OF BULLVALENES AND NATURALLY 
OCCURRING SESQUITERPENES 




The title compound was prepared by reaction between 1-ethynyl-4-
(trifluoromethyl)benzene (204.2 mg, 1.200 mmol) and tropylium 
tetrafluoroborate (214.0 mg, 1.200 mmol) according to general procedure 
(A), and obtained as a white solid (149.3 mg, 0.574 mmol, 48%).  
1H NMR (400 MHz, CDCl3) δ 7.56 (s, 4H), 6.74-6.63 (m, 2H), 6.27-6.20 
(m, 2H), 5.45-5.37 (m, 2H), 2.74 (tt, J = 6.3, 4.9 Hz, 1H). 13C NMR (101 
MHz, CDCl3) δ 132.11 (2xC), 131.23 (2xC), 129.85 (q, JC-F = 32.6 Hz), 
127.48 (d, JC-F = 1.8 Hz), 125.33 (q, JC-F = 3.8 Hz, 2xC), 125.19 (2xC), 124.12 (d, JC-F = 
272.1 Hz), 122.57 (2xC), 93.88, 79.63, 32.31. 19F NMR (376 MHz, CDCl3) δ -62.88 (s). 




The title compound was prepared according to the procedure below, and 
obtained as a brown oil that solidified upon standing (575.8 mg, 3.780 mmol, 
85%). An oven-dried Schlenk flask was charged with Pd(PPh3)2Cl2 (68.0 mg, 
0.097 mmol, 0.01 equiv), CuI (18.0 mg, 0.097 mmol, 0.01 equiv) and 2-
bromonaphthalene (2.000 g, 9.660 mmol, 1 equiv). The Schlenk was filled with 
argon before previously degassed Et3N (0.3 M in 2-bromonaphthalene, 32.2 mL) and 
trimethylsilylacetylene (1.420 g, 2.05 mL, 14.490 mmol, 1.5 equiv) were added via 
syringe. The resulting mixture was heated to 70 ºC for 14 h. The reaction was cooled to 
room temperature, filtered through a celite pad, and washed with Et2O until the washes 
appeared colorless. The solvent was removed under reduced pressure. The crude was 
purified by column chromatography on silica gel (eluent cyclohexane:ethyl acetate 
90:10). Solid K2CO3 (0.678 g, 4.900 mmol, 1.1 equiv) was added to a solution of 
trimethyl(naphthalene-2-ylethynyl)silane (1.000 g, 4.460 mmol, 1 equiv) in methanol 
(0.5 M in alkyne, 8.91 mL) at room temperature. The suspension was stirred for 2 h, then 
diluted with cyclohexane and quenched with water. The aqueous phase was extracted 
with cyclohexane (x6) and the combined organic extracts were washed with brine (x1) 
and dried over MgSO4. The solvent was removed under reduced pressure. The crude was 
purified by column chromatography on silica gel (eluent cyclohexane:ethyl acetate 
90:10). 
 
1H NMR (400 MHz, CDCl3) δ 8.03 (s, 1H), 7.84-7.78 (m, 3H), 7.55-7.49 (m, 3H), 3.15 
(s, 1H). 13C NMR (126 MHz, CDCl3) δ 133.19, 132.98, 132.45, 128.69, 128.16, 127.93, 
127.91, 127.05, 126.76, 119.53, 84.16, 77.54. GC-MS-EI: calculated for C12H8 [M]·+: 
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The title compound was prepared by reaction between 2-ethynylnaphthalene 
(500.0 mg, 3.290 mmol) and tropylium tetrafluoroborate (585.0 mg, 3.290 
mmol) according to general procedure (A), and obtained as a pale yellow oil 
that solidified upon standing (436.0 mg, 1.799 mmol, 55%).  
1H NMR (500 MHz, CDCl3) δ 7.99 (br s, 1H), 7.83-7.77 (m, 3H), 7.53-7.47 
(m, 3H), 6.72-6.70 (m, 2H), 6.27-6.22 (m, 2H), 5.50-5.46 (m, 2H), 2.77 (tt, J 
= 5.5, 1.5 Hz, 1H). 13C NMR (126 MHz, CDCl3) δ 133.17, 132.81, 131.55, 
131.20, 128.83, 128.03, 127.87, 127.80, 126.59, 124.97 (2xC), 123.28, 
120.93, 91.56, 81.12, 32.49. GC-MS-EI: calculated for C19H14 [M]·+: 242.1; found = 
242.1. M.p. = 59-61 ºC. 
 
3-(Cyclohepta-2,4,6-trien-1-ylethynyl)thiophene (16q) 
The title compound was prepared by reaction between 3-ethynylthiophene 
(145.0 mg, 1.341 mmol) and tropylium tetrafluoroborate (239.0 mg, 1.341 
mmol) according to general procedure (A), and obtained as a pale yellow oil 
(110.0 mg, 0.555 mmol, 41%). 
1H NMR (500 MHz, CDCl3) δ 7.43 (dd, J = 3.0, 1.2 Hz, 1H), 7.26 (dd, J = 
5.2, 3.0 Hz, 1H), 7.13 (dd, J = 5.0, 1.2 Hz, 1H), 6.69 (dd, J = 3.6, 2.6 Hz, 2H), 
6.24-6.19 (m, 2H), 5.44-5.40 (m, 2H), 2.69 (tt, J = 5.4, 1.3 Hz, 1H). 13C NMR (101 MHz, 
CDCl3) δ 131.16 (2xC), 130.17, 128.38, 125.27, 124.91 (2xC), 123.24 (2xC), 122.57, 
90.72, 75.84, 32.38. GC-MS-EI: calculated for C13H10S [M]·+: 198.1; found = 198.1. 
 
1,4-Bis(cyclohepta-2,4,6-trien-1-ylethynyl)benzene (16r) 
The title compound was prepared by reaction between 
1,4-diethynylbenzene (300.0 mg 2.378 mmol), and 
tropylium tetrafluoroborate (889.0 mg, 4.990 mmol) 
according to a literature procedure.173 The crude product was purified by column 
chromatography in silica gel (eluent: pentane to pentane:diethyl ether 95:5) to give the 
title compound as a pale yellow solid (653.0 mg, 2.131 mmol, 90%).  
1H NMR (400 MHz, CDCl3) 7.40 (s, 4H), 6.72-6.65 (m, 4H), 6.25-6.19 (m, 4H), 5.45-
5.39 (m, 4H), 2.72 (tt, J = 5.5, 1.5 Hz, 2H). 13C NMR (75 MHz, CDCl3) δ 131.72 (4xC), 
131.19 (4xC), 124.99 (4xC), 123.14 (2xC), 123.06 (4xC), 92.84 (2xC), 80.50 (2xC), 




The title compound was prepared by reaction between hex-1-yne (1.000 g, 
12.170 mmol) and tropylium tetrafluoroborate (2.166 g, 12.170 mmol) 
according to general procedure (A), and obtained as a colorless oil (2.000 g, 
11.610 mmol, 95%). 
1H NMR (400 MHz, CDCl3) δ 6.64 (dd, J = 3.6, 2.6 Hz, 2H), 6.20-6.10 (m, 
2H), 5.36-5.27 (m, 2H), 2.47-2.40 (m, 1H), 2.23 (td, J = 7.0, 2.3 Hz, 2H), 
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1.54-1.40 (m, 4H), 0.93 (t, J = 7.2 Hz, 3H). 13C NMR (101 MHz, CDCl3) δ 131.06 (2xC), 
124.51 (4xC), 81.59, 80.71, 31.96, 31.22, 22.09, 18.57, 13.79. GC-MS-EI: calculated for 
C13H16 [M]·+: 172.1; found = 172.1. 
 
7-(Oct-1-yn-1-yl)cyclohepta-1,3,5-triene (16t) 
The title compound was prepared by reaction between oct-1-yne (503.0 
mg, 4.560 mmol) and tropylium tetrafluoroborate (812.0 mg, 4.560 
mmol) according to general procedure (A), and obtained as a pale 
yellow oil (787.0 mg, 3.930 mmol, 86%). 
1H NMR (500 MHz, CDCl3) δ 6.67-6.60 (m, 2H), 6.18-6.11 (m, 2H), 
5.34-5.29 (m, 2H), 2.49-2.40 (m, 1H), 2.22 (td, J = 7.1, 2.3 Hz, 2H), 
1.57-1.49 (m, 2H), 1.46-1.24 (m, 6H), 0.93-0.87 (m, 3H). 13C NMR 
(126 MHz, CDCl3) δ 131.06 (2xC), 124.51 (4xC), 81.59, 80.79, 31.96, 31.53, 29.10, 
28.69, 22.73, 18.89, 14.22. HRMS-APCI: calculated for C15H21 [M+H]+: 201.1638; 
found = 201.1644. 
 
7-(4-Phenylbut-1-yn-1-yl)cyclohepta-1,3,5-triene (16u) 
The title compound was prepared by reaction between but-3-yn-1-
ylbenzene (500.0 mg, 3.840 mmol) and tropylium tetrafluoroborate (683.0 
mg, 3.840 mmol) according to general procedure (A), and obtained as a 
yellow oil (494.0 mg, 2.242 mmol, 58%). 
1H NMR (400 MHz, CDCl3) δ 7.33-7.28 (m, 2H), 7.26-7.19 (m, 3H), 
6.66-6.63 (m, 2H), 6.19-6.10 (m, 2H), 5.34-5.24 (m, 2H), 2.86 (t, J = 7.5 
Hz, 2H), 2.52 (td, J = 7.5, 2.3 Hz, 2H), 2.43 (tt, J = 3.8, 1.8 Hz, 1H). 13C 
NMR (101 MHz, CDCl3) δ 141.01, 131.07 (2xC), 128.66 (2xC), 128.46 (2xC), 126.36, 
124.59 (2xC), 124.25 (2xC), 82.46, 79.95, 35.58, 31.92, 21.16. GC-MS-EI: calculated 
for C17H16[M]·+: 220.1; found = 220.1. 
 
7-(Cyclopropylethynyl)cyclohepta-1,3,5-triene (16v) 
The title compound was prepared by reaction between ethynylcyclopropane 
(300.0 mg, 4.400 mmol) and tropylium tetrafluoroborate (783.0 mg, 4.400 
mmol) according to general procedure (A), and obtained as a pale yellow oil 
(310.0 mg, 4.400 mmol, 45%). 
1H NMR (500 MHz, CDCl3) 6.67-6.00 (m, 2H), 6.16-6.11 (m, 2H), 5.32-5.27 
(m, 2H), 2.40 (tq, J = 5.4, 1.6 Hz, 1H), 1.33-1.23 (m, 1H), 0.78-0.74 (m, 2H), 0.70-0.66 
(m, 2H). 13C NMR (126 MHz, CDCl3) δ 131.05 (2xC), 124.51 (2xC), 124.22 (2xC), 
83.71, 76.95, 21.90, 8.26 (2xC), -0.33. HRMS-APCI: calculated for C12H13 [M+H]+: 
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The title compound was prepared via a two-step procedure described below, 
and obtained as a colorless oil (30.0 mg, 0.230 mmol, 14%). 7-
methoxycyclohepta-1,3,5-triene was synthesized according to a literature 
procedure173 following Doering’s procedure.176a A previously dried two-neck 
round-bottom flask filled with argon at 0 ºC was charged with 27 mL of MeOH. Na 
(previously washed with cyclohexane, 310.0 mg, 13.490 mmol, 1.2 equiv) was slowly 
added with vigorous stirring. In another two-neck round-bottom flask, tropylium 
tetrafluoroborate (2.000 g, 11.240 mmol, 1 equiv) was introduced and dissolved in 20 
mL of MeOH. The solution containing NaOMe was added to the other flask via cannula 
and the resulting mixture was stirred for 2 h. The reaction was quenched with water and 
extracted with pentane (x3). The gathered organic extracts were dried over MgSO4 and 
the solvent was removed under reduced pressure (rotary evaporator bath at 19 ºC, ≥ 100 
mbar) to give 7-methoxycyclohepta-1,3,5-triene (860.0 mg, 7.039 mmol, 63%) as a 
colorless oil. 7-(prop-2-yn-1-yl)cyclohepta-1,3,5-triene was synthesized following a 
reported procedure.176b Zn powder (110.0 mg, 1.676 mmol, 1.05 equiv) and a crystal of 
iodine were charged in a round-bottom flask under argon atmosphere and anhydrous 
THF (0.43 mL, 3.71 M in Zn) was added. Subsequently a solution of propargyl bromide 
(196.0 mg, 1.596 mmol, 1 equiv) and 7-methoxycyclohepta-1,3,5-triene (200.0 mg, 
1.596 mmol, 1 equiv) in 1 mL anhydrous THF (1.59 M in cycloheptatriene) was added 
dropwise over 30 min. The reaction mixture was stirred at room temperature until 
consumption of starting materials. The reaction was quenched with water and extracted 
with diethyl ether (x5). The extract was washed with a saturated aqueous solution of 
sodium hypodisulfite and dried over MgSO4. The solvent was removed under reduced 
pressure (rotary evaporator bath at 19 ºC, ≥ 100 mbar). The crude product was purified 
by column chromatography on silica gel eluting with pentane, to give the title compound 
as a colorless oil (30.0 mg, 0.230 mmol, 14%). 
1H NMR (500 MHz, CDCl3) δ 6.66 (dd, J = 3.7, 2.7 Hz, 2H), 6.24-6.20 (m, 2H), 5.31-
5.27 (m, 2H), 2.58 (dd, J = 6.9, 2.7 Hz, 2H), 2.00 (t, J = 2.7 Hz, 1H), 1.92 (ttt, J = 6.9, 
5.5, 1.4 Hz, 1H). 13C NMR (126 MHz, CDCl3) δ 131.20 (2xC), 125.35 (2xC), 125.18 
(2xC), 82.72, 69.46, 37.97, 22.26. GC-MS-EI: calculated for C10H10 [M]·+: 130.1; found 
= 130.1. 
 
Tricyclo[3.3.1.02,8]nona-3,6-dien-9-one (barbaralone) (6a) 
The title compound was prepared from 7-
ethynylcyclohepta-1,3,5-triene (424.6 mg, 3.110 
mmol) according to general procedure (B), 
(conditions A: catalyst D, Ox1; 5 h). Purification by 
flash column chromatography on silica gel (eluent: 
7:1 pentane:diethyl ether) and obtained as a white 
solid (410.0 mg, 3.100 mmol, 97%).  
1H NMR (400 MHz, CDCl3, 296 K) δ 5.79-5.69 (m, 2H), 4.32 (bs, 4H), 2.74 (t, J = 5.9 
Hz, 2H). 13C NMR (101 MHz, CDCl3, 296 K) δ 210.86, 121.42, 38.10. 1H NMR (500 
MHz, (CD3)2CO, 183 K) δ 5.98 (t, J = 7.5 Hz, 2H), 5.88-5.75 (m, 2H), 3.04 (td, J = 6.5, 
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3.0 Hz, 1H), 2.93-2.81 (m, 2H), 2.41 (td, J = 7.3, 3.1 Hz, 1H). 13C NMR (126 MHz, 
(CD3)2CO, 183 K) δ 211.20, 128.53 (2xC), 122.11 (2xC), 49.99, 32.60 (2xC), 26.19. IR 
(neat) 3051, 2965, 2924,1791, 1683, 1617, 769, 738 cm-1. HRMS-APCI: calculated for 
C9H9O [M+H]+: 133.0648; found = 133.0647. M.p. = 50-51 ºC. Structure confirmed by 
X-ray crystallography CCDC 1487016. 
 
1-Phenyltricyclo[3.3.1.02,8]nona-3,6-dien-9-one (6b) 
The title compound was prepared 
from 7-(phenylethynyl)cyclohepta-
1,3,5-triene (100.0 mg, 0.520 mmol) 
according to general procedure (B), 
(conditions A: catalyst D, Ox1; 1.5 
h). Purification by flash column 
chromatography on silica gel 
(eluent: 90:10 pentane:diethyl ether) and obtained as a white solid (90.0 mg, 0.432 mmol, 
83%).  
1H NMR (500 MHz, CDCl3) 7.42-7.37 (m, 2H), 7.35-7.30 (m, 1H), 7.29-7.26 (m, 2H), 
5.98-5.92 (m, 2H), 5.93-5.85 (m, 2H), 3.27 (tt, J = 6.4, 1.0 Hz, 1H), 3.20-3.07 (m, 2H). 
13C NMR (126 MHz, CDCl3) δ 208.18,136.89, 129.72 (2xC), 128.67 (2xC), 127.85, 
125.00 (2xC), 121. 47 (2xC), 49.14, 42.09 (2xC), 39.65. IR (neat) 3041, 2959, 2922, 
1695, 1602, 1446, 1251, 698 cm-1. HRMS-APCI: calculated for C15H13O [M+H]+: 
209.0961; found = 209.0962. M.p. = 104-105 ºC. Structure confirmed by X-ray 
crystallography CCDC 1487017. 
 
1-(ortho-Tolyl)tricyclo[3.3.1.02,8]nona-3,6-dien-9-one (6c) 
The title compound was prepared 
from 7-(ortho-
tolylethynyl)cyclohepta-1,3,5-triene 
(100.0 mg, 0.485 mmol) according 
to general procedure (B), 
(conditions B: catalyst D, Ox3; 1.5 
h). Purification by flash column 
chromatography on silica gel 
(eluent: 93:7 cyclohexane:ethyl 
acetate; then the solid was cleaned with pentane) and obtained as a white solid (49.0 mg, 
0.220 mmol, 45%). Structure confirmed by X-ray crystallography CCDC 1487018. 
1H NMR (400 MHz, CDCl3) δ 7.25-7.18 (m, 2H), 7.20-7.15 (m, 2H), 6.12-6.00 (m, 2H), 
5.98-5.86 (m, 2H), 3.26 (tt, J = 6.5, 1.0 Hz, 1H), 2.95 (br s, 2H), 2.16 (s, 3H). 13C NMR 
(101MHz, CDCl3) δ 207.63, 139.58, 135.34, 130.54, 129.83, 128.49 (2xC), 128.11, 
126.01, 121.63 (2xC), 50.12, 39.69 (2xC), 38.55, 19.32. IR (neat) 3045, 1692, 1617, 
1456, 1265, 789, 737 cm-1. HRMS-ESI: calculated for C16H15O [M+H]+: 223.1117; 
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The title compound was prepared from 
7-(meta-tolylethynyl)cyclohepta-1,3,5-
triene (100.0 mg, 0.485 mmol) 
according to general procedure (B), 
(conditions A: catalyst D, Ox1; 1.5 h). 
Purification by flash column 
chromatography on silica gel (eluent: 
93:7 pentane:diethyl ether) and 
obtained as a white solid (78.0 mg, 
0.351 mmol, 73%).  
1H NMR (400 MHz, CDCl3) δ 7.29-7.21 (m, 1H), 7.15-7.00 (m, 3H), 5.97-5.87 (m, 2H), 
5.89-5.82 (m, 2H), 3.23 (tt, J = 6.3, 1.1 Hz, 1H), 3.13-3.03 (m, 2H), 2.35 (s, 3H). 13C 
NMR (101MHz, CDCl3) δ 208.32, 138.26, 136.79, 130.46, 128.68, 128.56, 126.72, 
125.07 (2xC), 121.50 (2xC), 49.17, 42.00 (2xC), 39.63, 21.54. IR (neat) 3047, 2919, 
1692, 1607, 1451, 1254, 1051, 766, 746, 701 cm-1. HRMS-ESI: calculated for C16H15O 
[M+H]+: 223.1117; found = 223.1107. M.p. = 87-90 ºC. Structure confirmed by X-ray 
crystallography CCDC 1487019. 
 
1-(para-Tolyl)tricyclo[3.3.1.02,8]nona-3,6-dien-9-one (6e) 
The title compound was prepared from 7-(para-tolylethynyl)cyclohepta-
1,3,5-triene (100.0 mg, 0.485 mmol) according to general procedure (B), 
(conditions A: catalyst D, Ox1; 1.5 h). Purification by flash column 
chromatography on silica gel (eluent: 93:7 pentane:diethyl ether) and 
obtained as a white solid (83.3 mg, 0.375 mmol, 77%).  
1H NMR (400 MHz, CDCl3) δ 7.22-7.11 (m, 4H), 5.96-5.87 (m, 2H), 5.90-
5.80 (m, 2H), 3.23 (tt, J = 6.2, 1.1 Hz, 1H), 3.12-3.03 (m, 2H), 2.35 (s, 3H). 13C NMR 
(101MHz, CDCl3) δ 208.36, 137.60, 133.86, 129.56 (2xC), 129.41 (2xC), 124.83 (2xC), 
121.50 (2xC), 49.09, 42.26 (2xC), 39.38, 21.33. HRMS-ESI: calculated for C16H15O 
[M+H]+: 223.1117; found = 223.1110. IR (neat) 2920, 1700, 1617, 1516, 1251, 806, 771, 
745 cm-1. M.p. = 123-125 ºC. 
 
1-(4-(tert-Butyl)phenyl)tricyclo[3.3.1.02,8]nona-3,6-dien-9-one (6f) 
The title compound was prepared from 7-((4-(tert-
butyl)phenyl)ethynyl)cyclohepta-1,3,5-triene (100.0 mg, 0.403 mmol) 
according to general procedure (B), (conditions A: catalyst D, Ox1; 1.5 h). 
Purification by flash column chromatography on silica gel (eluent: 93:7 
pentane:diethyl ether) and obtained as a white solid (91.6 mg, 0.346 mmol, 
86%).  
1H NMR (400 MHz, CDCl3) δ 7.40-7.35 (m, 2H), 7.20-7.15 (m, 2H), 5.95-
5.90 (m, 2H), 5.89-5.80 (m, 2H), 3.24 (tt, J = 6.3, 1 Hz, 1H), 3.11-3.04 (m, 2H), 1.32 (s, 
9H). 13C NMR (101MHz, CDCl3) δ 208.40, 150.57, 133.73, 129.27 (2xC), 125.65 (2xC), 
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3031, 2964, 1703, 1514, 1362, 1265, 802, 771, 740, 726, 576 cm-1. HRMS-ESI: 
calculated for C19H21O [M+H]+: 265.1587; found = 265.1584. M.p. = 128-130 ºC. 
 
1-(2-Fluorophenyl)tricyclo[3.3.1.02,8]nona-3,6-dien-9-one (6g)  
The title compound was prepared from 7-((2-
fluorophenyl)ethynyl)cyclohepta-1,3,5-triene (100.0 mg, 0.476 mmol) 
according to general procedure (B), (conditions A: catalyst D, Ox1; 5 h). 
Purification by flash column chromatography on silica gel (eluent: 90:10 
pentane:diethyl ether) and obtained as a white solid (70.0 mg, 0.309 mmol, 
65%).  
1H NMR (400 MHz, CDCl3) δ 7.37, 7.25 (m, 1H), 7.21 (td, J = 7.4, 1.9 Hz, 1H), 7.13 (td, 
J = 7.5, 1.2 Hz, 1H), 7.07 (ddd, J = 9.6, 8.2, 1.2 Hz, 1H), 6.08-5.96 (m, 2H), 5.94-5.82 
(m, 2H), 3.26 (tt, J = 6.5, 0.9 Hz, 1H), 3.04-2.95 (m, 2H). 13C NMR (101 MHz, CDCl3) 
δ 206.78, 162.34 (d, JC-F = 249.3 Hz), 131.10 (d, JC-F = 3.9 Hz), 129.87 (d, JC-F = 8.3 Hz), 
127.68 (2xC), 124.36, 124.20 (d, JC-F = 3.6 Hz), 121.34 (2xC), 115.82 (d, JC-F = 21.2 Hz), 
49.51, 39.25 (2xC), 35.10. 19F NMR (376 MHz, CDCl3) δ (–114.31)-(-114.42) (m). IR 
(neat) 3045, 2923, 1698, 1619, 1494, 1450, 1261, 1251, 1215, 776, 762, 736, 708 cm-1. 




The title compound was prepared from 7-((3-
fluorophenyl)ethynyl)cyclohepta-1,3,5-triene (76.0 mg, 0.361 mmol) 
according to general procedure (B), (conditions A: catalyst D, Ox1; 2.5 h). 
Purification by flash column chromatography on silica gel (eluent: 93:7 
pentane:diethyl ether) and obtained as a white solid (54.5 mg, 0.241 mmol, 
67%).  
1H NMR (400 MHz, CDCl3) δ 7.32 (td, J = 7.9, 6.0 Hz, 1H), 7.07-6.93 (m, 3H), 5.95-
5.80 (m, 4H), 3.24 (tt, J = 6.2, 1.2 Hz, 1H) 3.15-3.07 (m, 2H). 13C NMR (101 MHz, 
CDCl3) δ 207.60, 162.89 (d, JC-F = 246.1 Hz), 139.35 (d, JC-F = 7.8 Hz), 130.11 (d, JC-F = 
8.4 Hz), 125.30 (d, JC-F = 3.0 Hz), 124.42 (2xC), 121.28 (2xC), 116.76 (d, JC-F = 21.6 
Hz), 114.82 (d, JC-F = 21.0 Hz), 48.84, 42.74 (2xC), 39.48. 19F NMR (376 MHz, CDCl3) 
δ (–113.10)-(-113.21) (m). IR (neat) 3045, 2924, 1695, 1587, 1485, 1442, 1262, 1188, 
765, 736, 692 cm-1. HRMS-ESI: calculated for C15H12FO [M+H]+: 227.0867; found = 
227.0863. M.p. = 79-80 ºC. 
 
1-(4-Fluorophenyl)tricyclo[3.3.1.02,8]nona-3,6-dien-9-one (6i) 
The title compound was prepared from 7-((4-
fluorophenyl)ethynyl)cyclohepta-1,3,5-triene (100.0 mg, 0.476 mmol) 
according to general procedure (B), (conditions A: catalyst D, Ox1; 1.5 h). 
Purification by flash column chromatography on silica gel (eluent: 93:7 
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1H NMR (400 MHz, CDCl3) δ 7.36-7.30 (m, 2H), 7.21-7.15 (m, 2H), 5.94-5.88 (m, 2H), 
5.90-5.80 (m, 2H), 3.24 (tt, J = 6.2, 1.1 Hz, 1H), 3.13-3.03 (m, 2H). 13C NMR (101 MHz, 
CDCl3) δ 208.04, 126.36 (d, JC-F = 246.4 Hz), 132.65 (d, JC-F = 3.3 Hz), 131.36 (d, JC-F = 
8.3 Hz) (2xC), 124.79 (2xC), 121.34 (2xC), 115.60 (d, JC-F = 21.5 Hz) (2xC), 48.94, 
42.38 (2xC), 39.09. 19F NMR (376 MHz, CDCl3) δ (–114.58)-(-114.70) (m). IR (neat) 
3063, 2985, 1699, 1601, 1512, 1212, 870, 775, 740, 543 cm-1. HRMS-ESI: calculated 
for C15H12FO [M+H]+: 227.0867; found = 227.0860. M.p. = 112-115 ºC. 
 
1-(2-Chlorophenyl)tricyclo[3.3.1.02,8]nona-3,6-dien-9-one (6j) 
The title compound was prepared from 7-((2-
chlorophenyl)ethynyl)cyclohepta-1,3,5-triene (100.0 mg, 0.441 mmol) 
according to general procedure (B), (conditions B: catalyst D, Ox3; 2 h). 
Purification by flash column chromatography on silica gel (eluent: 93:7 
pentane:diethyl ether. Then the solid was cleaned with pentane and 
recrystallized in CH2Cl2-pentane) and obtained as a white solid (37.5 mg, 0.155 mmol, 
35%).  
1H NMR (500 MHz, CDCl3) δ 7.45-7.37 (m, 1H), 7.27-7.25 (m, 3H), 6.10-6.01 (m, 2H), 
5.94-5.85 (m, 2H), 3.26 (tt, J = 6.5, 0.9 Hz, 1H), 3.03-2.92 (m, 2H). 13C NMR (126 MHz, 
CDCl3) δ 206.50, 137.02, 135.11, 131.50, 129.95, 129. 36, 128.55 (2xC), 126.92, 121.53 
(2xC), 49.84, 39.57 (2xC), 38.69. IR (neat) 3046, 2989, 1695, 1619, 1474, 1432, 1259, 
1131, 1067, 1048, 1033, 780, 759, 729, 689, 556 cm-1. HRMS-ESI: calculated for 
C15H12ClO [M+H]+: 243.0571; found = 243.0574. M.p. = 152-154 ºC. 
 
1-(3-Chlorophenyl)tricyclo[3.3.1.02,8]nona-3,6-dien-9-one (6k) 
The title compound was prepared from 7-((3-
chlorophenyl)ethynyl)cyclohepta-1,3,5-triene (78.5 mg, 0.346 mmol) 
according to general procedure (B), (conditions A: catalyst D, Ox1; 2.5 h). 
Purification by flash column chromatography on silica gel (eluent: 93:7 
pentane:diethyl ether) and obtained as a white solid (58.0 mg, 0.239 mmol, 
69%). 1H NMR (500 MHz, CDCl3) δ 7.32-7.26(m, 2H), 7.26-7.21 (m, 1H), 7.13 (dt, J = 
6.9, 1.9 Hz, 1H), 5.94-5.88 (m, 2H), 5.90-5.81 (m, 2H), 3.24 (tt, J = 6.4, 1.0 Hz, 1H), 
3.13-3.06 (m, 2H). 13C NMR (126 MHz, CDCl3) δ 207.56, 138.90, 134.43, 129.89 (2xC), 
128.05, 127.99, 124.70 (2xC), 121.27 (2xC), 48.88, 42.37 (2xC), 39.43. IR (neat) 3055, 
298, 2923, 1702, 1619, 1594, 1567, 1480, 1415, 1247, 1132, 794, 738, 684, 602, 552 cm-




The title compound was prepared from 7-((4-
chlorophenyl)ethynyl)cyclohepta-1,3,5-triene (100.0 mg, 0.441 mmol) 
according to general procedure (B), (conditions A: catalyst D, Ox1; 2.5 h). 
Purification by flash column chromatography on silica gel (eluent: 93:7 
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1H NMR (400 MHz, CDCl3) δ 7.25-7.17 (m, 2H), 7.09-7.00 (m, 2H), 5.97-5.89 (m, 2H), 
5.90-5.80 (m, 2H), 3.24 (tt, J = 6.2, 1.1 Hz, 1H), 3.11-3.03 (m, 2H). 13C NMR (101 MHz, 
CDCl3) δ 207.77, 135.41, 133.71, 131.05 (2xC), 128.85 (2xC), 124.59 (2xC), 121.29 
(2xC), 48.85, 42.49 (2xC), 39.17. IR (neat) 3046, 2924, 1698, 1617, 1495, 1401, 1249, 
1086, 1049, 1012, 774, 744, 729, 555 cm-1. HRMS-ESI: calculated for C15H12ClO 
[M+H]+: 243.0571; found = 243.0569. M.p. = 132-134 ºC. 
 
1-(2,4-Difluorophenyl)tricyclo[3.3.1.02,8]nona-3,6-dien-9-one (6m) 
The title compound was prepared from 7-((2,4-
difluorophenyl)ethynyl)cyclohepta-1,3,5-triene (100.0 mg, 0.438 mmol) 
according to general procedure (B), (conditions A: catalyst D, Ox1; 12 h). 
Purification by flash column chromatography on silica gel (eluent: 93:7 
pentane:diethyl ether) and obtained as a white solid (78.6 mg, 0.322 mmol, 
74%).  
1H NMR (400 MHz, CDCl3) δ 7.23-7.13 (m, 1H), 6.92-6.77 (m, 2H), 6.06-5.96 (m, 2H), 
5.93-5.81 (m, 2H), 3.26 (tt, J = 6.5, 0.9 Hz, 1H), 3.01-2.93 (m, 2H). 13C NMR (101 MHz, 
CDCl3) δ 206.60, 163.91 (dd, JC-F = 43.4, 11.4 Hz), 161.41 (dd, JC-F = 47.3, 11.9 Hz), 
131.89 (dd, JC-F = 9.9, 5.5 Hz), 127.66 (2xC), 121.23 (2xC), 120.35 (dd, JC-F = 14.9, 3.7 
Hz), 111.33 (dd, JC-F = 21.4, 3.7 Hz), 104.38 (t, JC-F = 25.3 Hz), 49.37, 39.24 (2xC), 
34.66. 19F NMR (376 MHz, CDCl3) δ -110.00 (q, J = 8.6 Hz), (-110.25)-(-110.39) (m). 
IR (neat) 3079, 3055, 2922, 1695, 1597, 1509, 1426, 1268, 1139, 1102, 962, 780, 746, 
615, 529 cm-1. HRMS-ESI: calculated for C15H11F2O [M+H]+: 245.0772; found = 
245.0772. M.p. = 103-106 ºC. 
 
1-(4-Methoxyphenyl)tricyclo[3.3.1.02,8]nona-3,6-dien-9-one (6n) 
The title compound was prepared from 7-((4-
methoxyphenyl)ethynyl)cyclohepta-1,3,5-triene (100.0 mg, 0.450 mmol) 
according to general procedure (B), (conditions A: catalyst D, Ox1; 1.5 h). 
Purification by flash column chromatography on silica gel (eluent: 90:10 
pentane:diethyl ether) and obtained as a white solid (94.0 mg, 0.394 mmol, 
88%).  
1H NMR (500 MHz, CDCl3) δ 7.19-7.13 (m, 2H), 6.91-6.87 (m, 2H), 5.95-5.87 (m, 2H), 
5.87-5.82 (m, 2H), 3.80 (s, 3H), 3.23 (tt, J = 6.4, 1.0 Hz, 1H), 3.08-3.03 (m, 2H). 13C 
NMR (126 MHz, CDCl3) δ 208.48, 159.21, 130.79 (2xC), 128.90, 124.97 (2xC), 121.51 
(2xC), 114.16 (2xC), 55.43, 49.12, 42.23 (2xC), 39.06. IR (neat) 3000, 2960, 2837, 1692, 
1610, 1515, 1241, 1038, 829, 742 cm-1. HRMS-ESI: calculated for C16H15O2 [M+H]+: 
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The title compound was prepared from 7-((2,4-
difluorophenyl)ethynyl)cyclohepta-1,3,5-triene (100.0 mg, 0.384 mmol) 
according to general procedure (B), (conditions A: catalyst D, Ox1; 2 h). 
Purification by flash column chromatography on silica gel (eluent: 90:10 
pentane:diethyl ether) and obtained as a white solid (85.3 mg, 0.309 mmol, 
80%).  
1H NMR (400 MHz, CDCl3) δ 7.66-7.59 (m, 2H), 7.41-7.33 (m, 2H), 5.96-5.90 (m, 2H), 
5.92-5.82(m, 2H), 3.26 (tt, J = 6.2, 1.1 Hz, 1H), 3.17-3.08 (m, 2H). 13C NMR (101 MHz, 
CDCl3) δ 207.51, 142.59-138.848 (m), 130.08, 129.9 (q, JC-F = 32.5),125.59 (q, JC-F = 
3.8 Hz), 124.46 (2xC), 122.86, 121.21 (2xC), 48.78, 42.59 (2xC), 39.48. 19F NMR (376 
MHz, CDCl3) δ -62.70 (s). IR (neat) 3046, 2924, 1696, 1618, 1411, 1319, 1158, 1109, 
1064, 1017, 876, 740, 709, 606, 549 cm-1. HRMS-ESI: calculated for C16H12F3O 
[M+H]+: 277.0835; found = 277.0839. M.p. = 137-140 ºC. 
 
1-(Naphthalene-2-yl)tricyclo[3.3.1.02,8]nona-3,6-dien-9-one (6p) 
The title compound was prepared from 2-(cyclohepta-2,4,6-trien-1-
ylethynyl)naphthalene (100.0 mg, 0.413 mmol) according to general 
procedure (B), (conditions A: catalyst D, Ox1; 1.5 h). Purification by flash 
column chromatography on silica gel (eluent: 93:7 pentane:diethyl ether) 
and obtained as a white solid (82.0 mg, 0.317 mmol, 77%).  
1H NMR (400 MHz, CDCl3) δ 7.89-7.80 (m, 3H), 7.76-7.71 (m, 1H), 
7.53-7.45 (m, 2H), 7.38 (dd, J = 8.5, 1.8 Hz, 1H), 6.03-5.97 (m, 2H), 5.99-5.89 (m, 2H), 
3.31 (tt, J = 6.2, 1.1 Hz, 1H), 3.27-3.17 (m, 2H). 13C NMR (101 MHz, CDCl3) δ 208.34, 
134.44, 133.48, 133.04, 128.33, 128.28, 127.93, 127.83, 127.82, 126.26, 126.20, 125.21 
(2xC), 121.52 (2xC), 49.25, 42.10 (2xC), 39.78. IR (neat) 3038, 1699, 1622, 1597, 1505, 
1268, 819, 763, 737, 691, 477 cm-1. HRMS-ESI: calculated for C19H15O [M+H]+: 
259.1117; found = 259.1116. M.p. = 123-125 ºC. 
 
1-(Thiophen-3-yl)tricyclo[3.3.1.02,8]nona-3,6-dien-9-one (6q) 
The title compound was prepared from 
3-(cyclohepta-2,4,6-trien-1-
ylethynyl)thiophene (100.0 mg, 0.504 
mmol) according to general procedure 
(B), (conditions A: catalyst D, Ox1; 
1.5 h). Purification by flash column 
chromatography on silica gel (eluent: 
93:7 pentane:diethyl ether) and 
obtained as a white solid (95.5 mg, 0.446 mmol, 88%).  
1H NMR (400 MHz, CDCl3) δ 7.32 (dd, J = 5.0, 3.0 Hz, 1H), 7.25 (dd, J = 3.0, 1.3 Hz, 
1H), 7.02 (dd, J = 5.0, 1.3 Hz, 1H), 5.89-5.80 (m, 4H), 3.23 (tt, J = 5.7, 1.6 Hz, 1H), 
3.16-3.10 (m, 2H). 13C NMR (101 MHz, CDCl3) δ 207.56, 137.63, 127.88, 125.81, 
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2923, 1690, 1614, 1266, 1253, 860, 796, 754, 741, 640 cm-1. HRMS-ESI: calculated for 
C13H11OS [M+H]+: 215.0525; found = 215.0529. M.p. = 106-108 ºC. Structure 









(80.0 mg, 0.261 
mmol) according to general procedure (B), (conditions B: catalyst D (0.1 equiv), Ox3 (4 
equiv); 4 h). Purification by crystallization in CDCl3, then the crystals were cleaned with 
pentane) and obtained as an orange solid (53.0 mg, 0.157 mmol, 60%).  
1H NMR (400 MHz, CDCl3) δ 7.23 (s, 4H), 5.95-5.89 (m, 4H), 5.91-5.80 (m, 4H), 3.24 
(tt, J = 6.3, 1.1 Hz, 2H), 3.17-3.05 (m, 4H). 13C NMR (101 MHz, CDCl3) δ 208.43 (2xC), 
136.10 (2xC), 129.93 (4xC), 125.11 (4xC), 121.52 (4xC), 49.18 (2xC), 41.98 (4xC), 
39.51 (2xC). IR (neat) 3045, 2965, 1705, 1686, 1616, 1509, 1268, 801, 771, 746, 656, 
568 cm-1. HRMS-ESI: calculated for C24H19O2 [M+H]+: 339.1380; found = 339.1380. 




The title compound was prepared from 7-(hex-1-yn-1-yl)cyclohepta-1,3,5-
triene (100.0 mg, 0.580 mmol) (conditions C: catalyst A, Ox3; 1.5 h). 
Purification by flash column chromatography on silica gel (eluent: 97:3 
pentane:diethyl ether) and obtained as a pale yellow oil (49.0 mg, 0.260 mmol, 
45%). 
1H NMR (500 MHz, CDCl3) δ 5.73-5.68 (m, 2H), 5.67-5.58 (m, 2H), 3.04 (t, J = 6.4 HZ, 
1H), 2.81-2.74 (m, 2H), 1.61-1.56 (m, 2H), 1.36-1.27 (m, 4H), 0.89 (t, J = 7.0 Hz, 3H). 
13C NMR (126 MHz, CDCl3) δ 210.44, 121.54 (2xC), 119.55 (2xC), 48.15, 47.08 (2xC), 
35.32, 31.05, 28.22, 23.06, 14.17. IR (neat) 3046, 2955, 2930, 2859, 1699, 1619, 1466, 
1328, 1266, 1100, 761, 736, 554 cm-1. HRMS-ESI: calculated for C13H16NaO [M+Na]+: 
211.1093; found = 211.1084. 
 
1-Hexyltricyclo[3.3.1.02,8]nona-3,6-dien-9-one (6t) 
The title compound was prepared from 7-(oct-1-yn-1-yl)cyclohepta-1,3,5-
triene (100.0 mg, 0.499 mmol) according to general procedure (B), (conditions 
A: catalyst D, Ox1; 2 h). Purification by flash column chromatography on 
silica gel (eluent: 95:5 pentane:diethyl ether) and obtained as a pale yellow oil 
(49.3 mg, 0.228 mmol, 46%). 
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= 6.4 Hz, 1H), 2.82-2.74 (m, 2H), 1.63-1.55 (m, 2H), 1.36-1.20 (m, 8H), 0.86 (t, J = 6.7 
Hz, 3H). 13C NMR (75 MHz, CDCl3) δ 210.51, 121.54 (2xC), 119.68 (2xC), 48.18, 
47.02 (2xC), 35.34, 31.91, 31.33, 29.64, 26.00, 22.75, 14.22. IR (neat) 3046, 2954, 2926, 
2855, 1700, 1619, 1465, 1330, 1252, 1103, 764, 736, 554 cm-1. HRMS-ESI: calculated 
for C15H21O [M+H]+: 217.1587; found = 217.1589. 
 
1-Phenethyltricyclo[3.3.1.02,8]nona-3,6-dien-9-one (6u) 
The title compound was prepared from 7-(4-phenylbut-1-yn-1-yl)cyclohepta-
1,3,5-triene (100.0 mg, 0.454 mmol) according to general procedure (B), 
(conditions A: catalyst D, Ox1; 2.5 h). Purification by flash column 
chromatography on silica gel (eluent: 93:7 pentane:diethyl ether) and 
obtained as a pale yellow solid (48.1 mg, 0.204 mmol, 45%).  
1H NMR (400 MHz, CDCl3) δ 7.32-7.27 (m, 2H), 7.24-7.17 (m, 3H), 5.74-
5.64 (m, 4H), 3.15-3.08 (m, 1H), 2.77-2.68 (m, 4H), 1.95-1.89 (m, 2H). 13C 
NMR (101 MHz, CDCl3) δ 210.29, 142.30, 128.74 (2xC), 128.43 (2xC), 125.95, 121.59 
(2xC), 120.29 (2xC), 48.32, 46.45 (2xC), 34.84, 33.84, 32.42. IR (neat) 3046, 3027, 
2920, 2861, 1695, 1619, 1496, 1454, 1329, 1252, 1135, 1050, 736, 697, 553 cm-1. 




The title compound was prepared from 7-(cyclopropylethynyl)cyclohepta-
1,3,5-triene (100.0 mg, 0.640 mmol) according to general procedure (B), 
(conditions B: catalyst D, Ox3; 2 h). Purification by flash column 
chromatography on silica gel (eluent: 95:5 pentane:diethyl ether) and 
obtained as an orange oil (100.5 mg, 0.584 mmol, 91%). 
1H NMR (500 MHz, CDCl3) δ 5.70-5.62 (m, 4H), 3.14-3.05 (m, 1H), 2.64-2.52 (m, 2H), 
1.39-1.29 (m, 1H), 0.58-0.53 (m, 2H), 0.12-0.07 (m, 2H).13C NMR (126 MHz, CDCl3) δ 
210.76, 121.39 (2xC), 120.14 (2xC), 48.09, 43.76 (2xC), 36.13, 9.43, 1.41 (2xC). IR 
(neat) 3045, 3006, 1697, 1619, 1465, 1357, 1285, 1269, 1065, 1020, 891, 765, 736, 706 
cm-1. HRMS-ESI: calculated for C12H13O [M+H]+: 173.0961; found = 173.0936. 
 
Tricyclo[3.3.1.02,8]nona-3,6-diene-1-carbaldehyde (20) 
The title compound was prepared from 7-(prop-2-yn-1-
yl)cyclohepta-1,3,5-triene (20.0 mg, 0.154 mmol) 
according to general procedure (B), (conditions: catalyst 
B’, Ox1; 4 h). Purification by flash column 
chromatography on silica gel (eluent: 93:7 pentane:diethyl 
ether) and obtained as a colorless solid (19.5 mg, 0.133 
mmol, 87%).  
1H NMR (300 MHz, CDCl3) δ 9.27 (s, 1H), 5.99 (dd, J = 9.2, 6.9 Hz, 2H), 5.74 (ddd, J = 
9.3, 4.3, 2.3 Hz, 2H), 2.84-2.70 (m, 1H), 2.70 (dd, J = 4.3, 2.3 Hz, 2H), 1.41 (d, J = 3.0 
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30.51(2xC), 27.47, 17.20. IR (neat) 3044, 2928, 2828, 1677, 1619, 1441, 1379, 1281, 
1186, 1138, 1067, 987, 888, 844, 794, 736, 695, 634, 591 cm-1. HRMS-ESI: calculated 
for C10H10NaO [M+Na]+: 169.0624; found = 169.0624. M.p. = 32-36 ºC. Structure 
confirmed by X-ray crystallography CCDC 1487026. 
 
Tricyclo[3.3.2.02,8]deca-6,9-dien-4-one (7a) 
The title compound was prepared from tricyclo[3.3.1.02,8]nona-3,6-dien-9-one 
(barbaralone) (458.0 mg, 3.470 mmol), according to general procedure (C). 
The crude product was purified by column chromatography on silica gel 
(eluent: 8:1 to 5:1 pentane:diethyl ether). Then a second purification by 
preparative TLC on silica (eluent: 8:1 pentane:diethyl ether), afforded the desired 
compound as a pale yellow oil that solidified upon standing (189.0 mg, 1.290 mmol, 
37%).  
1H NMR (300 MHz, CDCl3) δ 5.99-5.89 (m, 2H), 5.88-5.74 (m, 2H), 2.86-2.74 (m, 1H), 
2.70-2.56 (m, 1H), 2.42 (d, J = 4.0 Hz, 2H), 2.39-2.28 (m, 2H). 13C NMR (101 MHz, 
CDCl3) δ 206.17, 126.40 (4xC), 45.38, 37.66, 32.60 (2xC) (only observed in very 
concentrated samples), 29.42. IR (neat) 3031, 2963, 2883, 1656, 1382, 1353, 1257, 1221, 
1166, 1067, 914, 876, 793, 747, 715 cm-1. HRMS-ESI: calculated for C10H10NaO 
[M+Na]+: 169.0624; found = 169.0628. M.p. = 32-35 ºC. 
 
Tricyclo[3.3.2.02,8]deca-6,9-dien-4-ol (7a’’) 
The title compound was prepared from 
tricyclo[3.3.2.02,8]deca-6,9-dien-4-one (bullvalone) 
(50.0 mg, 0.342 mmol) and obtained as a white solid 
(42.1 mg, 0.280 mmol, 83%). In a 25 mL Schlenk flask 
under argon, LiAlH4 (26.0 mg, 0.684 mmol, 2 equiv) 
was placed and suspended in anhydrous Et2O (2.5 mL). 
It was cooled at 0 ºC, then a solution of 
tricyclo[3.3.2.02,8]deca-6,9-dien-4-one (50.0 mg, 0.342 
mmol, 1 equiv) in 3.4 mL anhydrous Et2O (0.1 M in 
ketone) was added dropwise and the reaction mixture was stirred at this temperature for 1 
h. The reaction was quenched with a saturated aqueous solution of potassium sodium 
tartrate, then extracted (x3) with Et2O and washed with the same saturated solution (x3). 
The combined organic extracts were dried over MgSO4 and the solvent was removed 
under reduced pressure (rotary evaporator bath at 19 ºC, ≥ 100 mbar). The crude product 
was purified by column chromatography on silica gel (eluent: 3:1 pentane:diethyl ether). 
1H NMR (500 MHz, CDCl3) δ 5.93 (dd, J = 10.5, 8.1 Hz, 1H), 5.82 (dd, J = 10.6, 8.1 Hz, 
1H), 5.12 (dt, J = 36.1, 9.7 Hz, 2H), 3.85 (s, 1H), 2.52-2.47 (m, 3H), 2.06 (ddd, J = 14.9, 
5.6, 4.0 Hz, 1H), 1.85 (tt, J = 8.7, 4.2 Hz, 1H), 1.76 (s, 1H). 13C NMR (101 MHz, CDCl3) 
δ 128.09 (2xC), 127.33 (2xC), 67.37, 38.16 (2xC), 35.37, 31.77, 18.81. IR (neat) 3271, 
3023, 2922, 2903, 1648, 1625, 1352, 1283, 1014, 878, 846, 734, 710, 672, 598 cm-1. 
HRMS-ESI: calculated for C10H12NaO [M+Na]+: 171.0780; found = 171.0780. M.p. = 
44-46 ºC. Structure confirmed by X-ray crystallography CCDC 1487029. 
O
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To a solution of tricyclo[3.3.2.02,8]deca-6,9-dien-4-ol (36.7 mg, 0.248 mmol, 1 
equiv) and DMAP (1.513 mg, 0.012 mmol, 0.05 equiv) in anhydrous CH2Cl2 
0.82 mL, 0.3 M in alcohol) was added Et3N (37.6 mg, 51.8 µL, 0.371 mmol, 
1.5 equiv) and the resulting solution was stirred at 0 ºC for 15 min. Then acetic 
anhydride (37.9 mg, 35.1 µL, 0.371 mmol, 1.5 equiv) was added dropwise and the 
reaction mixture was stirred at 23 ºC for 5 h. The reaction was quenched with a saturated 
aqueous solution of NaHCO3 and extracted (x3) with CH2Cl2. The combined organic 
extracts were washed with brine (x1), and dried over MgSO4. The solvent was removed 
under reduced pressure. Decomposition of the product on silica gel was observed. 
1H NMR (400 MHz, CDCl3) δ 5.90-5.80 (m, 2H), 5.10-4.95 (m, 2H), 4.91 (td, J = 8.1, 
2.4 Hz, 1H), 2.64-2.46 (m, 3H), 2.42-2.35 (m, 1H), 2.09-1.98 (m, 1H), 1.99 (s, 3H), 1.90-
1.82 (m, 1H). 13C NMR (101 MHz, CDCl3) δ 170.37 (quat.), 127.61 (2xC, CH), 127.34 




The title compound was prepared from tricyclo[3.3.2.02,8]deca-6,9-dien-
4-one (bullvalone) (172.7 mg, 1.181 mmol), according to the procedure 
below,169 and obtained as a beige solid (334.7 mg, 1.064 mmol, 90%). P-
toluenesulfonyl hydrazide (440 mg, 2.363 mmol, 2 equiv) was added to a solution of 
tricyclo[3.3.2.02,8]deca-6,9-dien-4-one (bullvalone) (172.7 mg, 1.181 mmol, 1 equiv) and 
p-toluenesulfonic acid monohydrate (20.34 mg, 0.118 mmol, 0.1 equiv) in CH2Cl2 (1.18 
mL, 1 M) at 23 ºC. The reaction mixture was stirred at this temperature for 8 h then 
quenched with water and extracted with Et2O (x3). The combined organic extracts were 
washed with NaHCO3 saturated solution (x1), dried over MgSO4 and the solvent 
removed under reduced pressure. The crude product was purified by column 
chromatography on silica gel (eluent: 4:1 cyclohexane:AcOEt). 
1H NMR (400 MHz, CDCl3) δ 7.87-7.79 (m, 1H), 7.78-7.73 (m, 1H), 7.39-7.23 (m, 2H), 
6.14-5.79 (m, 3H), 5.78-5.47 (m, 3H), 3.62-3.34 (m, 1H), 3.03-2.88 (m, 1H), 2.66-2.53 
(m, 1H), 2.49-2.22 (m, 1H), 2.42 (s, 3H). 13C NMR (101 MHz, CDCl3) δ 159.16 (quat.), 
143.92 (quat.) 143.75 (quat.), 137.13 (CH), 129.76 (CH), 129.30 (2xC, CH), 127.94 
(2xC, CH), 127.13 (CH), 125.62 (CH), 124.00 (CH), 122.18 (CH), 41.22 (CH2), 37.05 
(CH), 33.26 (CH), 21.59 (CH3). HRMS-ESI: calculated for C17H18N2NaO2S [M+Na]+: 
337.0981; found = 337.0983. M.p. = 153-155 ºC. 
 
(2Z,4Z)-Bicyclo[4.2.2]deca-2,4,7,9-tetraene (15a) 
The title compound was prepared from 1-phenyltricyclo[3.3.2.02,8]deca-3,6-
dien-9-one (phenyl bullvalone) N'-((2Z,4Z,7E)-bicyclo[4.2.2]deca-2,4,9-trien-7-
ylidene)-4-methylbenzenesulfonohydrazide (274.0 mg, 0.871 mmol), according 
to the procedure below,169 and obtained as a colorless oil (49.8 mg, 0.382 mmol, 44%). 
In a Schlenk flask under argon N'-((2Z,4Z,7E)-bicyclo[4.2.2]deca-2,4,9-trien-7-ylidene)-
4-methylbenzenesulfonohydrazide (274.0 mg, 0.871 mmol, 1 equiv) was dissolved in 
AcO
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anhydrous 1,1-dimethoxyethane (17.4 mL, 0.05 M) and the solution cooled to 0 ºC. 
MeLi (1.6 M in Et2O, 3.540 mL, 5.66 mmol, 6.5 equiv) was added dropwise and after 
complete addition the cooling bath was removed and the reaction mixture was stirred at 
23 ºC for 1 h. The reaction was cooled to 0 ºC and quenched slowly with ice water, 
extracted (x3) with Et2O and dried over MgSO4. The solvent was removed under reduced 
pressure (rotary evaporator bath at 19 ºC, ≥ 100 mbar). The crude residue was purified by 
preparative TLC on silica gel (eluent: pentane). 
1H NMR (400 MHz, CDCl3) δ 6.29-6.15 (m, 2H), 5.90-5.79 (m, 2H), 5.63 (dd, J = 3.9, 
2.6 Hz, 4H), 3.31-3.19 (m, 2H). 13C NMR (101 MHz, CDCl3) δ 141.12 (2xC, CH), 
124.39 (2xC, CH), 121.32 (4xC, CH), 34.94 (2xC, CH). GC-MS-EI: calculated for 
C10H10 [M]·+: 130.1; found = 130.1. 
 
1-Phenyltricyclo[3.3.2.02,8]deca-3,6-dien-9-one (7b) 
The title compound was prepared from 1-
phenyltricyclo[3.3.1.02,8]nona-3,6-dien-9-one 
(544.5 mg, 2.610 mmol), according to 
general procedure (C). The crude product 
was purified by column chromatography on 
silica gel (eluent: 9:1 to 5:1 pentane:diethyl 
ether). The solid obtained was then cleaned 
with pentane to afford the desired compound 
as a white solid (129.8 mg, 0.584 mmol, 
22%).  
1H NMR (400 MHz, CDCl3) δ 7.38-7.26 (m, 5H), 6.16-6.05 (m, 4H), 2.77-2.65 (m, 1H), 
2.65 (d, J = 4.9 Hz, 2H), 2.63-2.58 (m, 2H). 13C NMR (101 MHz, CDCl3) δ 204.48, 
142.10, 130.24 (2xC), 130.09 (2xC), 128.42 (2xC), 127.43, 126.79 (2xC), 51.17, 47.39, 
33.09 (2xC), 30.08. IR (neat) 3034, 2936, 2887, 1666, 1490, 1443, 1387, 1349, 1309, 
1267, 1146, 765, 731, 701 cm-1. HRMS-ESI: calculated for C16H15O [M+H]+: 223.1117; 




The title compound was prepared from 1-phenyltricyclo[3.3.2.02,8]deca-3,6-
dien-9-one (phenyl bullvalone) (10.5 mg, 0.047 mmol), according to the 
procedure below, and obtained as a white solid (5.3 mg, 0.0236 mmol, 50%). 
In a flask under argon, NaBH4 (7.15 mg, 0.189 mmol, 4 equiv) was placed 
and dissolved in EtOH (0.1 mL). It was cooled at 0 ºC, then a solution of 1-
Phenyltricyclo[3.3.2.02,8]deca-3,6-dien-9-one (10.5 mg, 0.047 mmol, 1 equiv) in 0.3 mL 
EtOH was added dropwise and the reaction mixture was stirred at 23 ºC for 2 h. 
Additional  NaBH4 (7.15 mg, 0.189 mmol, 4 equiv) in EtOH (0.2 mL) was added and 
stirred ar 23 ºC for 2 h. The reaction was quenched with water, then extracted (x3) with 
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Na2SO4 and the solvent was removed under reduced pressure. The crude product was 
purified by preparative TLC on silica gel (eluent: 7:1 pentane:diethyl ether).  
1H NMR (400 MHz, CDCl3) δ 7.50-7.44 (m, 2H), 7.39-7.30 (m, 2H), 7.29-7.19 (m 1H), 
6.09-5.84 (m, 4H), 4.37 (tdd, J = 7.6, 4.2, 0.8 Hz, 1H), 2.53-2.41 (m, 1H), 2.37-2.30 (m, 
1H), 2.29-2.17 (m, 3H), 1.92 (ddd, J = 14.7, 5.1, 4.2 Hz, 1H). 13C NMR (101 MHz, 
CDCl3) δ 146.81 (quat.), 129.32 (2xC, CH), 128.70 (2xC, CH), 128.07 (CH), 127.67 
(CH), 127.04 (CH), 126.84 (CH), 125.04 (CH), 75.25 (CH), 39.47 (quat.), 37.21 (CH2), 
34.53 (CH), 30.17 (2xC, CH). HRMS-ESI: calculated for C16H16NaO [M+Na]+: 
247.1093; found = 247.1088. M.p. = 56-58 ºC. 
 
2-Phenyltricyclo[3.3.2.02,8]deca-6,9-dien-3-yl acetate 
To a solution of (1S,8S)-2-phenyltricyclo[3.3.2.02,8]deca-6,9-dien-3-ol (22.1 
mg, 0.099 mmol, 1 equiv) and DMAP (0.602 mg, 4.93 µmol, 0.05 equiv) in 
anhydrous CH2Cl2 0.33 mL, 0.3 M in alcohol) was added Et3N (14.96 mg, 
20.60 µL, 0.148 mmol, 1.5 equiv) and the resulting solution was stirred at 0 
ºC for 15 min. Then acetic anhydride (15.09 mg, 13.97 µL, 0.148 mmol, 1.5 equiv) was 
added dropwise and the reaction mixture was stirred at 23 ºC for 7 h. The reaction was 
quenched with a saturated aqueous solution of NaHCO3 and extracted (x3) with CH2Cl2. 
The combined organic extracts were washed with brine (x1), and dried over MgSO4. The 
solvent was removed under reduced pressure. Decomposition of the product on silica gel 
was observed. 
1H NMR (500 MHz, CDCl3) δ 7.39-7.35 (m, 2H), 7.28-7.23 (m, 2H), 7.20-7.15 (m, 1H), 
6.02-5.86 (m, 4H), 5.62 (ddd, J = 8.6, 5.8, 0.7 Hz, 1H), 2.48-2.42 (m, 1H), 2.34-2.27 (m, 
1H), 2.25-2.16 (m, 1H), 2.11 (t, J = 8.3 Hz, 1H), 1.81-1.74 (m, 1H) 1.66 (s, 3H). 13C 
NMR (126 MHz, CDCl3) δ 169.80 (quat.), 145.91 (quat.), 129.49 (2xC, CH), 129.08 
(2xC, CH), 128.14 (2xC, CH), 126.80 (CH), 126.09 (CH), 125.34 (CH), 75.86 (CH), 




The title compound was prepared from 1-phenyltricyclo[3.3.2.02,8]deca-
3,6-dien-9-one (phenyl bullvalone) (66.2 mg, 0.298 mmol), according to 
the procedure below,169 and obtained as a beige solid (93.1 mg, 0.238 
mmol, 80%). Obtained as a mixture of isomers (NMR peaks for major 
compound). 1-phenyltricyclo[3.3.2.02,8]deca-3,6-dien-9-one (phenyl bullvalone) (66.2 
mg, 0.298 mmol, 1 equiv) was added to a solution of p-toluenesulfonyl hydrazide (111 
mg, 0.596 mmol, 2 equiv) in acetic acid (3.7 mL, 0.8 M). The solution was kept in the 
refrigerator for 2 days. Then 3 drops of water were added and the mixture was kept in the 
refrigerator for 1 day. The precipitate was filtered and washed with water. The mother 
liquors were diluted with water and extracted with Et2O (x3). The combined organic 
extracts were washed with NaHCO3 saturated solution (x1), dried over MgSO4 and the 
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1H NMR (500 MHz, CDCl3) δ 7.91-7.74 (m, 1H), 7.46-7.23 (m, 7H), 7.17-7.07 (m, 1H), 
6.32-5.48 (m, 6H), 4.24-3.47 (m, 1H), 3.22-2.51 (m, 2H), 2.44 (s, 3H). 13C NMR (126 
MHz, CDCl3) δ 162.0-138.4 (quat.), 137.7-136.3 (CH), 135.6-134.8 (quat.), 132.3-118.9 
(CH), 42.5 (quat.), 31.6 (CH), 27.02 (CH2), 21.7 (CH3). HRMS-ESI: calculated for 
C23H22N2NaO2S [M+Na]+: 413.1294; found = 413.1287.  
 
(2Z,4Z)-7-Phenylbicyclo[4.2.2]deca-2,4,7,9-tetraene (15b) 
The title compound was prepared from 4-methyl-N'-((2Z,4Z,7E)-6-
phenylbicyclo[4.2.2]deca-2,4,9-trien-7-ylidene)benzenesulfonohydrazide 
(57 mg, 0.146 mmol), according to the procedure below,169 and obtained as 
a colorless oil (5.3 mg, 0.026 mmol, 18%). In a Schlenk flask under argon 4-methyl-N'-
((2Z,4Z,7E)-6-phenylbicyclo[4.2.2]deca-2,4,9-trien-7-ylidene)benzenesulfonohydrazide 
(57 mg, 0.146 mmol, 1 equiv) was dissolved in anhydrous 1,1-dimethoxyethane (2.9 mL, 
0.05 M) and the solution cooled to 0 ºC. MeLi (1.6 M in Et2O, 0.593 mL, 0.949 mmol, 
6.5 equiv) was added dropwise and after complete addition the cooling bath was 
removed and the reaction mixture was stirred at 23 ºC for 1 h. The reaction was cooled to 
0 ºC and quenched slowly with ice water, extracted (x3) with Et2O and dried over 
MgSO4. The solvent was removed under reduced pressure (rotary evaporator bath at 19 
ºC, ≥ 100 mbar). The crude residue was purified by preparative TLC on silica gel (eluent: 
pentane). 
1H NMR (400 MHz, CDCl3) δ 7.43-7.36 (m, 2H), 7.34-7.27 (m, 2H), 7.24-7.16 (m, 1H), 
6.43-6.24 (m, 2H), 6.04 (dt, J = 6.4, 1.0 Hz, 1H), 5.89-5.78 (m, 3H), 5.77-5.68 (m, 1H), 
3.86-3.80 (m, 1H), 3.42-3.33 (m, 1H). 13C NMR (101 MHz, CDCl3) δ 141.98 (CH), 
141.08 (CH), 139.95 (quat.), 135.26 (quat.), 128.48 (2xC, CH), 126.82 (CH), 126.57 
(2xC, CH), 124.88 (CH), 124.79 (CH), 121.67 (CH), 120.56 (CH), 119.85 (CH), 38.43 




The title compound was prepared from 
tricyclo[3.3.2.02,8]deca-6,9-dien-4-one (bullvalone) 
(20.0 mg, 0.137 mmol) and obtained as a white solid 
(8.0 mg, 0.061 mmol, 44%). In a 10 mL Schlenk 
flask under argon, hexamethyldisilazane (66.2 mg, 
86 µL, 0.410 mmol, 3 equiv) was diluted with 0.2 
mL anhydrous THF and cooled to 0 ºC. Then nBuLi 
(2.5 M in hexanes, 148 µL, 0.369 mmol, 2.7 equiv) 
was added dropwise and the reaction mixture was stirred at this temperature for 30 min. 
It was cooled to -78 ºC and a solution of the ketone (20.0 mg, 0.137 mmol, 1 equiv) in 
anhydrous THF (0.4 mL) was added. The reaction mixture was allowed to warm to -20 
ºC in 2 h before a solution of N-phenyl-bis(trifluoromethanesulfonimide) (98.0 mg, 0.274 
mmol, 2 equiv) in anhydrous THF (0.5 mL) was added. The mixture was allowed to 
reach 0 ºC in 2 hours and was stirred at this temperature for 3 additional hours. The 
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reaction was quenched with water and extracted (x4) with Et2O. The combined organic 
extracts were dried over Na2SO4 and the solvent was removed under reduced pressure 
(rotary evaporator bath at 19 ºC, ≥ 100 mbar). The crude material was used directly and 
immediately without further purification. In a 10 mL Schlenk flask under argon, LiCl 
(previously dried, 17.4 mg, 0.411 mmol, 3 equiv) and Pd(PPh3)4 (3.2 mg, 2.74 µmol, 2 
mol%) were added and suspended in anhydrous THF (0.3 mL). A solution of the crude 
triflate (38.1 mg, 0.137 mmol, 1 equiv) in anhydrous THF (0.5 mL) was added to the 
slurry. Then a solution of Bu3SnH (48.2 mg, 44.7 µL, 0.166 mmol, 1.21 equiv) in 
anhydrous THF (0.4 mL) was dropwise added over 15 min and the mixture was stirred at 
room temperature for 14 h.179  It was then diluted with pentane, washed with 5% 
ammonium hydroxide solution (x6) and brine (x1). The combined organic extracts were 
dried over Na2SO4 and the solvent was removed under reduced pressure (rotary 
evaporator bath at 19 ºC, ≥ 100 mbar). The crude product was purified by preparative 
TLC on silica using pentane as eluent (the solvent was removed under reduced pressure, 
rotary evaporator bath at 19 ºC, ≥ 100 mbar). 
1H NMR (500 MHz, CDCl3, 296 K) δ 5.80 (br s, 10 H). 13C NMR (101 MHz, CDCl3, 
296 K) δ  127.23 (br s, 10xC). 1H NMR (500 MHz, (CD3)2CO, 183 K) δ 5.82 (dt, J = 
11.2, 3.4 Hz, 3H), 5.73 (dd, J = 11.1, 8.5 Hz, 3H), 2.29-2.26 (m, 1H), 2.26-2.24 (m, 3H). 
13C NMR (126 MHz, (CD3)2CO, 183 K) δ 127.91 (3xC), 127.71 (3xC), 30.51, 20.62 
(3xC). IR (neat) 3061, 3026, 2960, 2929, 1635, 1441, 1418, 1402, 1368, 1210, 1120, 
1075, 822, 737, 651cm-1. GC-MS-EI: calculated for C10H10 [M]·+: 130.1; found = 130.1. 










mg, 0.208 mmol) 
and obtained as a 
white solid (26.0 mg, 0.126 mmol, 60%). In a 10 mL Schlenk flask under argon, 
diisopropylamine (31.5 mg, 43.7 µL, 0.312 mmol, 1.5 equiv) was diluted with 0.3 mL 
anhydrous THF and cooled to 0 ºC. Then nBuLi (2.5 M in hexanes, 108 µL, 0.270 mmol, 
1.3 equiv) was added dropwise and the reaction mixture was stirred at this temperature 
for 30 min. It was cooled to -78 ºC and a solution of the ketone (46.2 mg, 0.208 mmol, 1 
equiv) in anhydrous THF (0.5 mL) was added. The reaction mixture was stirred for 2 h at 
this temperature before a solution of N-(5-chloro-2-
pyridyl)bis(trifluoromethanesulfonimide) (Comins’ reagent, 122.0 mg, 0.312 mmol, 1.5 
equiv) in anhydrous THF (0.3 mL) was added. The mixture was allowed to reach 0 ºC in 
4 hours and was stirred at this temperature for an additional hour. The reaction was 
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dried over Na2SO4 and the solvent was removed under reduced pressure (rotary 
evaporator bath at 19 ºC, ≥ 100 mbar). The crude residue was used directly and 
immediately without further purification. In a 10 mL Schlenk flask under argon, LiCl 
(previously dried, 26.4 mg, 0.623 mmol, 3 equiv) and Pd(PPh3)4 (4.8 mg, 4.15 µmol, 2 
mol%) were added and suspended in anhydrous THF (0.3 mL). A solution of the crude 
triflate (73.6 mg, 0.208 mmol, 1 equiv) in anhydrous THF (0.5 mL) was added to the 
slurry followed by addition of Bu3SnH (73.2 mg, 67.7 µL, 0.251 mmol, 1.2 equiv) in 
anhydrous THF (0.3 mL) dropwise over 15 min. The mixture was heated at 60 ºC for 15 
h.179  It was then diluted with pentane, washed with 5% ammonium hydroxide solution 
(x6) and brine (x1). The combined organic extracts were dried over Na2SO4 and the 
solvent was removed under reduced pressure (rotary evaporator bath at 19 ºC, ≥ 100 
mbar). The crude product was purified by preparative TLC on silica using pentane as 
eluent (the solvent was removed under reduced pressure, rotary evaporator bath at 19 ºC, 
≥ 100 mbar). 
1H NMR (400 MHz, CDCl3, 296 K) δ 7.35-7.28 (m, 4H), 7.25-7.19 (m, 1H), 5.95 (br s, 
5H), 3.60-1.97 (br m, 4H). 13C NMR (101 MHz, CDCl3, 296 K) δ 128.41, 127.49 (bs), 
126.60, 126.21, 21.43 (br s). IR (neat) 3075, 3019, 2961, 2924, 1638, 1594, 1489, 1406, 
1368, 1095, 1078, 873, 763, 744, 694, 643 cm-1. HRMS-APCI: calculated for C16H15 
[M+H]+: 207.1168; found = 207.1164. M.p. = 75-76 ºC. Structure confirmed by X-ray 
crystallography CCDC 1487024. 
4-Phenyltricyclo[3.3.2.02,8]deca-3,6,9-triene (8b) 
1H NMR (500 MHz, (CD3)2CO, 183 K) δ 7.43-7.33 (m, 5H), 6.14 (dd, J = 8.5, 1.6 Hz, 
1H), 5.95-5.88 (m, 4H), 3.00-2.92 (m, 1H), 2.48 (q, J = 8.4 Hz, 1H), 2.38-2.31 (m, 2H). 
13C NMR (126 MHz, (CD3)2CO, 183 K) δ 143.10, 139.25, 128.04 (2xC), 127.11 (2xC), 
126.46 (2xC), 125.74, 125.28 (2xC), 124.10, 34.20, 20.25 (2xC), 20.16. 
3-Phenyltricyclo[3.3.2.02,8]deca-3,6,9-triene (8b’) 
1H NMR (500 MHz, (CD3)2CO, 183 K) δ 7.27-7.19 (m, 5H), 6.03 (d, J = 8.9 Hz, 1H), 
5.87-5.85 (m, 2 H), 5.77 (dd, J = 11.0, 8.6 Hz, 2H), 2.80 (t, J = 8.6 Hz, 1H), 2.57 (q, J = 
8.7 Hz, 1H), 2.40 (ddd, J = 8.4, 5.5, 2.4 Hz, 2H). 13C NMR (126 MHz, (CD3)2CO, 183 K) 
δ 144.80, 137.81, 128.15 (2xC), 126.53 (2xC), 126.49 (2xC), 126.33, 126.07 (2xC), 
123.26, 29.52, 21.83, 19.45 (2xC). IR (neat) 3075, 3019, 2961, 2924, 1638, 1594, 1489, 
1406, 1368, 1095, 1078, 873, 763, 744, 694, 643 cm-1. HRMS-APCI: calculated for 
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3,6,9-triene and 3,7-Diphenyltricyclo[3.3.2.02,8]deca-3,6,9-triene (8c) 
The title compounds were prepared from 
1-phenyltricyclo[3.3.2.02,8]deca-3,6-dien-
9-one (22.7 mg, 0.102 mmol) according to 
general procedure (D) (stirred 15 h at 60 
ºC), as a pale yellow oil that solidified 
upon standing (4.4 mg, 0.015 mmol, 15%).  
1H NMR (400 MHz, CDCl3, 296 K) δ 
7.39-7.26 (m, 7H), 7.24-7.12 (m, 3H), 
6.48-5.61 (br m, 4H), 3.56 (br s, 1H), 2.89-
2.19 (br m, 3H). 13C NMR (101 MHz, 
CDCl3, 296 K) δ 143.95 (br s), 128.47, 
126.69, 126.25 (br s), 124.71 (br s), 40.61 (br s), 22.13 (br s). 1H NMR 
(500 MHz, CDCl3, 233 K) δ 7.46-7.28 (m, 7H, aromat. H), 7.28-7.21 (m, 3H, aromat. H), 
6.29-5.91 (m, 4H, olefin. H), 3.68-3.59 (m, 0.53H, 5-H from 4,6-substituted), 3.26 (t, J = 
9.2 Hz, 0.40H, 5-H from 3,6-substituted), 2.94-2.81 (m, 0.56H, 2-H from 3,6-substituted, 
2-, 5-, 8-H from 3,7-substitued), 2.67-2.39 (m, 2.43H, remaining cyclopropyl H).13C 
NMR (126 MHz, CDCl3, 233 K) δ 145.00-138.20 (cuat. C), 128.45 (aromat. CH), 
128.39 (aromat. CH), 127.97-126.39 (aromat. CH and olefin. CH), 125.88 (aromat. CH), 
125.79 (aromat. CH), 124.84-123.15 (olefin. CH), 39.98 (CH, C5 from 4,6-substituted), 
35.16 (CH, C5 from 3,6-substituted, 23.48-20.74 (CH, C5 from 3,7-substituted and 
cyclopropyl CH). GC-MS-EI: calculated for C22H18 [M]·+: 282.1; found = 282.1. M.p. = 





The title compounds were prepared from 1-
phenyltricyclo[3.3.2.02,8]deca-3,6-dien-9-one 
(20.0 mg, 0.090 mmol) according to general 
procedure (D) (stirred 61 h at 60 ºC), and 
obtained as a pale yellow oil (12.1 mg, 0.052 
mmol, 58%).  
1H NMR (400 MHz, CDCl3, 296 K) δ 7.39-7.26 (m, 4H), 7.24-7.17 (m, 1H), 6.53-5.61 
(br m, 5H), 5.27 (d, J = 17.5 Hz, 1H), 4.97 (d, J = 10.8 Hz, 1H), 3.54 (br s, 1H), 3.17-
2.18 (br m, 3H). 13C NMR (101 MHz, CDCl3, 296 K) δ 144.19 (br s), 139.22 (br s), 
137.90 (br s), 128.43, 127.90 (br s), 126.70, 126.14 (br s), 124.90 (br s), 110.20 (br s), 
34.41 (br s), 22.51 (br s). 1H NMR (500 MHz, CDCl3, 233 K) δ 7.44-7.31 (m, 6H, 
aromat. H), 7.29-7.24 (m, 1H, aromat. H), 6.35 (dd, J = 17.6, 10.8 Hz, 0.27H, olefin. 
CH), 6.25 (dd, J = 17.1, 10.8 Hz, 1H, olefin. CH), 6.19 (dt, J = 8.0, 1.6 Hz, 1H, olefin. 
CH), 6.09 (d, J = 8.4 Hz, 1H, olefin. CH), 6.07 (d, J = 7.7 Hz, 1H, olefin. CH), 6.04 (d, J 
= 8.15 Hz, 1H, olefin. CH), 6.02 (d, J = 7.0 Hz, 0.47H), 6.01-5.85 (m, 2H, olefin. CH), 
5.41 (d, J = 17.6 Hz, 0.25H, vinyl olefin. CH2) 5.35 (d, J = 17.4 Hz, 1H vinyl olefin. 
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CH2), 5.30 (d, J = 17.4 Hz, 0.32H vinyl olefin. CH2), 5.08 (d, J = 10.7 Hz, 1H vinyl 
olefin. CH2), 5.02 (d, J = 10.9 Hz, 0.30H vinyl olefin. CH2), 4.99 (d, J = 11.3 Hz, 0.22 H), 
3.61 (d, J = 8.9 Hz, 1H, 5-H from 4,6-substituted), 3.27 (t, J = 9.0 Hz, 0.28H, 5-H from 
3,6-substituted), 3.18 (t, J = 8.9 Hz, 0.19H, 5-H from 3,7-substituted), 2.90-2.76 (m, 
0.65H, cyclopropyl H), 2.62-2.34 (m, 4H, cyclopropyl H). 13C NMR (126 MHz, CDCl3, 
233 K) δ  144.81-135.98 (cuat. C), 138.59 (olefin. CH), 129.10 (olefin. CH), 128.41-
128.34 (aromat. CH), 128.13-125.86 (aromat. and olefin. CH), 125.75 (aromat. CH), 
125.06-123.47 (olefin. CH), 110.78-109.70 (vinyl olefin. CH2), 35.26 (CH, C5 from 3,7-
substituted), 33.50 (CH, C5 from 4,6-substituted), 28.52 (CH, C5 from 3,6-substituted), 
23.96-18.37 (cyclopropyl CH). HRMS-APCI: calculated for C18H17 [M+H]+: 233.1325; 





The title compounds were prepared from 1-
phenyltricyclo[3.3.2.02,8]deca-3,6-dien-9-one 
(30.0 mg, 0.135 mmol) according to the 
general procedure (D) (stirred 40 h at 60 ºC), 
and obtained as a pale yellow oil (12.2 mg, 
0.049 mmol, 37%).  
1H NMR (400 MHz, CDCl3, 296 K) δ 7.39-7.26 (m, 4H), 7.25-7.15 (m, 1H), 6.27-5.54 
(br m, 5H), 5.17-4.93 (m, 2H), 3.19-1.81 (br m, 6H). 13C NMR (101 MHz, CDCl3, 296 
K) δ 136.69 (br s), 128.38, 127.45 (br s), 126.57, 126.21, 124.41 (br s), 116.41 (br s), 
45.15 (br s), 39.63 (br s), 21.36 (br s). 1H NMR (500 MHz, CDCl3, 233 K) δ 7.45-7.30 
(m, 4H, aromat. H), 7.29-7.23 (m, 1H, aromat. H), 6.17 (ddd, J = 19.2, 8.3, 1.6 Hz, 1H, 
allyl olefin. CH), 6.07-5.69 (m, 4H, olefin. H), 5.20-5.00 (m, 2H, allyl olefin. CH2), 3.07 
(t, J = 8.7 Hz, 0.26H, 5-H from 4,6-substituted), 3.02-2.99 (m, 0.07H, 5-H from 3,7-
substituted) 2.98-2.82 (m, 2H, allyl CH2), 2.81-2.67 (m, 0.28H, cyclopropyl H), 2.55 (t, J 
= 8.8 Hz, 0.16 H, 5-H from 3,6-substituted), 2.53-2.14 (m, 3H, cyclopropyl H). 13C 
NMR (126 MHz, CDCl3, 233 K) δ 145.00-138.38 (cuat. C), 140.47-136.20 (olefin. CH), 
128.35 (arom. CH), 128. 31 (arom. CH), 127.63-126.36 (arom. CH and olefin. CH), 
125.81 (arom. CH), 124.51-123.93 (allyl olefin. CH), 123.41-120.89 (olefin. CH), 
117.03-116.35 (alyl olefin. CH2), 45.30-44.48 (allyl CH2), 38.94 (CH), 35.05 (CH, C5 
from 3,7-substituted, 34.87 (CH, C5 from 4,6-substituted), 34.10 (CH, C5 from 3,6-
substituted), 28.17-19.77 (cyclopropyl CH). HRMS-APCI: calculated for C19H19 
[M+H]+: 247.1481; found = 247.1481. 
 
9-Ethynyltricyclo[3.3.1.02,8]nona-3,6-dien-9-ol (21a) 
The title compound was prepared from tricyclo[3.3.1.02,8]nona-3,6-dien-9-
one (barbaralone) (150.0 mg, 1.135 mmol) according to general procedure 
(E) (purification by flash column chromatography on silica gel (eluent: 3:1 
pentane:diethyl ether), and obtained as a white solid (176.0 mg, 1.135 mmol, 98%).  
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1H NMR (400 MHz, CDCl3) δ 5.83 (t, J = 7.9 Hz, 1H), 5.65 (t, J = 7.7 Hz, 1H), 4.29-
4.21 (m, 2H), 4.15-4.03 (m, 2H), 2.82-2.66 (m, 2H), 2.45 (s, 1H), 1.76 (s, 1H). 13C NMR 
(101 MHz, CDCl3) δ 122.74 (2xC), 120.75 (2xC), 85.08, 76.89, 73.99, 72.46, 63.60, 
37.56 (2xC). IR (neat) 3269, 3041, 1619, 1337, 1275, 1103, 1050, 939, 739, 650 cm-1. 




The title compound was prepared from 1-phenyltricyclo[3.3.1.02,8]nona-
3,6-dien-9-one (150.0 mg, 0.720 mmol) according to general procedure (E) 
(purification by flash column chromatography on silica gel (eluent: 4:1 
pentane:diethyl ether) and obtained as a white solid (149.0 mg, 0.636 
mmol, 88%).  
1H NMR (300 MHz, CDCl3) δ 7.60-7.49 (m, 2H), 7.45-7.28 (m, 3H), 5.98 (ddd, J = 9.1, 
6.6, 0.9 Hz, 1H), 5.91 (ddd, J = 8.6, 6.8, 1.6 Hz, 1H), 5.86-5.73 (m, 2H), 3.10 (tt, J = 6.7, 
0.9 Hz, 1H), 2.84 (ddd, J = 7.4, 6.4, 1.6 Hz, 1H), 2.71 (ddd, J = 7.4, 6.6, 1.3 Hz, 1H), 
2.38 (s, 1H), 1.82 (s, 1H). 13C NMR (101 MHz, CDCl3) δ 139.00, 131.19 (2xC) 128.17 
(2xC), 127.87, 122.81, 121.51, 121.48, 118.76, 84.56, 74.25, 65.78, 44.04, 42.68, 38.41, 
35.45. IR (neat) 3527, 3222, 3036, 2924, 2101, 1601, 1445, 1292, 1021, 934, 738, 701 
cm-1. HRMS-ESI: calculated for C17H14NaO [M+Na]+: 257.0937; found = 257.0932. 
M.p. = 118-120 ºC. 
 
Hexahydro-1,4-methanocyclopropa[e]inden-7-one (22a) 
The title compound was prepared from 9-
ethynyltricyclo[3.3.1.02,8]nona-3,6-dien-9-ol 
(20.0 mg, 0.126 mmol) according to general 
procedure (F) (catalyst D, 5.46 mg, 6.32 µmol, 
5 mol%). Purification by preparative TLC on 
silica gel (eluent: 8:1 pentane:diethyl ether) 
and obtained as a colorless oil that solidified 
upon standing to give a white solid (11.0 mg, 
0.070 mmol, 55%).  
1H NMR (400 MHz, CDCl3) 6.74 (dd, J = 5.6, 2.9 Hz, 1H), 6.33 (dd, J = 9.5, 5.9 Hz, 
1H), 6.11-6.00 (m, 2H), 3.08-3.04 (m, 1H), 3.04-2.98 (m, 1H), 2.39 (dddd, J = 8.9, 7.3, 
5.9, 1.4 Hz, 1H), 2.28-2.20 (m, 1H), 2.13-2.07 (m, 1H), 2.04 (tdd, J = 7.0, 3.2, 1.8 Hz, 
1H). 13C NMR (101 MHz, CDCl3) δ 201.23, 143.88, 132.37, 127.73, 127.22, 63.97, 
45.20, 35.40, 30.91, 28.08, 27.64. IR (neat) 3067, 2957, 2921, 1677, 1582, 1333, 1204, 
1126, 918, 881, 777, 679 cm-1. HRMS-ESI: calculated for C11H10NaO [M+Na]+: 
181.0624; found = 181.0623. M.p. = 54-60 ºC. Structure confirmed by X-ray 
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The title compound was prepared from 
9-ethynyl-1-
phenyltricyclo[3.3.1.02,8]nona-3,6-
dien-9-ol (30.0 mg, 0.128 mmol) 
according to general procedure (F) 
(catalyst A, 4.94 mg, 6.40 µmol, 5 
mol%). Purification by preparative 
TLC on silica gel (eluent: 8:1 
pentane:diethyl ether, followed by 
recrystallization in pentane) and obtained as a white solid (25.0 mg, 0.107 mmol, 83%).  
1H NMR (400 MHz, CDCl3) 7.36-7.26 (m, 2H), 7.26-7.23 (m, 1H), 7.23-7.17 (m, 2H), 
6.88 (dd, J = 5.6, 2.9 Hz, 1H), 6.41 (dd, J = 9.5, 5.9 Hz, 1H), 6.19 (d, J = 5.6 Hz, 1H), 
5.95 (ddd, J = 9.1, 7.2, 1.3 Hz, 1H), 3.10 (ddd, J = 7.2, 5.2, 1.9 Hz, 1H), 2.55-2.47 (m, 
1H), 2.47-2.43 (m, 1H), 2.24 (ddd, J = 8.8, 7.0, 1.5 Hz, 1H), 2.18 (tdd, J = 7.1, 3.3, 1.9 
Hz, 1H). 13C NMR (101 MHz, CDCl3) δ 201.33, 144.12, 139.06, 136.00, 128.08 (2xC), 
127.91 (2xC), 127.48, 127.29, 127.10, 75.19, 52.41, 37.52, 30.03, 29.93, 28.58. IR (neat) 
3030, 2931, 1681, 1495, 1445, 1132, 904, 743, 700 cm-1. HRMS-ESI: calculated for 
C17H14NaO [M+Na]+: 257.0937; found = 257.0937. M.p. = 95-97 ºC. Structure 
confirmed by X-ray crystallography CCDC 1487028. 
 
Tricyclo[3.3.1.02,8]nona-3,6-dien-9-ol (23a) 
The title compound was prepared by reaction between 
tricyclo[3.3.1.02,8]nona-3,6-dien-9-one (barbaralone) (150.0 mg, 1.135 mmol) 
and LiAlH4, according to the procedure below, and obtained as a white solid 
(140.4 mg, 1.135 mmol, 92%). In a 25 mL Schlenk flask under argon, LiAlH4 (86.0 mg, 
2.270 mmol, 2 equiv) was placed and suspended in anhydrous Et2O (5.3 mL). It was 
cooled at 0 ºC, then a solution of tricyclo[3.3.1.02,8]nona-3,6-dien-9-one (150.0 mg, 
1.135 mmol, 1 equiv) in 6 mL anhydrous Et2O was added dropwise and the reaction 
mixture was stirred at this temperature for 3 h. The reaction was quenched with a 
saturated aqueous solution of potassium sodium tartrate and extracted (x3) with Et2O. 
The combined organic extracts were washed with the same saturated solution (x3), with 
brine (x1) and dried over MgSO4. The solvent was removed under reduced pressure 
(rotary evaporator bath at 19 ºC, ≥ 100 mbar). The crude residue was purified by column 
chromatography on silica gel (eluent: 4:1 pentane:diethyl ether). 
1H NMR (300 MHz, CDCl3) 5.88 (t, J = 7.8 Hz, 1H), 5.54 (t, J = 7.6 Hz, 1H), 4.15-4.04 
(m, 2H), 4.02-3.92 (m, 2H), 3.67-3.55 (m, 1H) 2.60-2.46 (m, 2H), 1.14 (d, J = 10.3 Hz 
1H). 13C NMR (75 MHz, CDCl3) δ 123.30, (2xC) 120.94 (2xC), 76.41, 72.28, 62.51, 
31.82 (2xC). IR (neat) 3263, 3041, 2936, 1618, 1377, 1328, 1045, 1016, 873, 728. 
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The title compound was prepared from tricyclo[3.3.1.02,8]nona-3,6-dien-9-
ol (247.2 mg, 1.842 mmol), according to the procedure below, and 
obtained as a yellow oil (248.0 mg, 1.440 mmol, 78%). Previously dried 
glassware and anhydrous solvents were used. Tricyclo[3.3.1.02,8]nona-3,6-dien-9-ol 
(247.2 mg, 1.842 mmol, 1 equiv) dissolved in 7 mL THF was added dropwise to a 
suspension of NaH (60 wt%, 295.0 mg, 7.37 mmol, 4 equiv) in a mixture of DMF (7 mL) 
and THF (3 mL) at 0 ºC under argon. The resulting mixture was stirred at 0 ºC for 1 h 
whereupon addition of a suspension of tetrabutyl ammonium iodide (681.0 mg, 1.842 
mmol, 1 equiv) in 10 mL THF. Subsequently propargyl bromide (452.0 mg, 0.286 mL, 
3.680 mmol, 2 equiv) was added dropwise at 0 ºC. The reaction mixture was stirred 15 
min at this temperature, then 24 h at 23 ºC. The reaction was quenched with water and 
extracted (x4) with Et2O. The combined organic extracts were washed with brine (x4), 
dried over Na2SO4 and the solvent removed under reduced pressure (rotary evaporator 
bath at 19 ºC, ≥ 100 mbar). The crude product was purified by column chromatography 
on silica gel (eluent: 9:1 pentane:diethyl ether) followed by preparative TLC on silica gel 
(eluent: 95:5 pentane:diethyl ether). 
1H NMR (400 MHz, CDCl3) 5.83 (t, J = 7.8 Hz, 1H), 5.55 (t, J = 7.6 Hz, 1H), 4.15 (d, J 
= 2.4 Hz, 2H), 4.11-4.04 (m, 2H), 4.03-3.95 (m, 2H), 3.65-3.53 (m, 1H), 2.66-2.58 (m, 
2H), 2.39 (t, J = 2.4 Hz, 1H). 13C NMR (75 MHz, CDCl3) δ 122.16 (2xC), 121.30 (2xC), 
80.30, 75.27, 74.28, 72.60, 69.81, 55.85, 28.31 (2xC). HRMS-ESI: calculated for 
C12H12NaO [M+Na]+: 195.0780; found = 195.0778. 
 
7-Methoxy-3-methylene-3,4,4a,7,8,8a-hexahydro-2H-4,8-ethenochromene (25) 
 The title compound was prepared from 9-(prop-2-yn-1-
yloxy)tricyclo[3.3.1.02,8]nona-3,6-diene (20.0 mg, 0.116 mmol), 
according to the procedure below, and obtained as a pale yellow oil 
(12.7 mg, 0.062 mmol, 54%). 9-(prop-2-yn-1-yloxy)tricyclo[3.3.1.02,8]nona-3,6-diene 
(20.0 mg, 0.116 mmol, 1 equiv) was charged in a vial and dissolved in anhydrous CH2Cl2 
(1.02 mL) and MeOH (0.14 mL) (0.1 M solution, 7:1 CH2Cl2:MeOH) at 23 ºC, with no 
particular precautions taken to exclude air. Subsequently the gold (I) catalyst D (5.0 mg, 
5.81 µmol, 5 mol%) was added at the same temperature and the reaction mixture stirred 
for 18 h. The solvent was removed under reduced pressure. The crude was purified by 
column chromatography on silica gel (eluent: 6:1 pentane:diethyl ether). 
1H NMR (400 MHz, CDCl3) 5.83 (dd, J = 9.6, 5.3 Hz, 1H), 5.80-5.73 (m, 2H), 5.59 (ddt, 
J = 9.8, 5.8, 1.0 Hz, 1H), 4.90-4.81 (m, 2H), 4.51 (d, J = 12.6 Hz, 1H), 4.23-4.17 (m, 1H), 
4.06 (d, J = 13.1 Hz, 1H), 3.64 (dd, J = 4.4, 2.2 Hz, 1H), 3.41 (s, 3H), 2.95-2.88 (m, 1H), 
2.75-2.67 (m, 1H), 2.65-2.58 (m, 1H). 13C NMR (101 MHz, CDCl3) δ 145.00, 132.33, 
128.76, 128.42, 125.72, 108.57, 79.50, 67.49, 64.26, 57.13, 40.86, 39.16, 38.56. HRMS-
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The title compound was prepared from 1-Phenyltricyclo[3.3.1.02,8]nona-3,6-
dien-9-one (150.0 mg, 0.720 mmol), according to the procedure below, and 
obtained as a white solid (134.4 mg, 0.639 mmol, 89%). In a 25 mL Schlenk 
flask under argon, LiAlH4 (54.7 mg, 1.441 mmol, 2 equiv) was placed and 
suspended in anhydrous Et2O (4 mL). It was cooled at 0 ºC, then a solution of 
tricyclo[3.3.1.02,8]nona-3,6-dien-9-one (150.0 mg, 0.720 mmol, 1 equiv) in 3.2 mL 
anhydrous Et2O was added dropwise and the reaction mixture was stirred at this 
temperature for 3 h. The reaction was quenched with a saturated aqueous solution of 
potassium sodium tartrate and extracted (x3) with Et2O. The combined organic extracts 
were washed with the same saturated solution (x3), with brine (x1) and dried over 
MgSO4. The solvent was removed under reduced pressure (rotary evaporator bath at 19 
ºC, ≥ 100 mbar). The crude residue was purified by column chromatography on silica gel 
(eluent: 7:1 pentane:diethyl ether). 
1H NMR (400 MHz, CDCl3) δ 7.45-7.32 (m, 4H), 7.31-7.24 (m, 1H), 6.00 (ddd, J = 9.0, 
6.8, 0.9 Hz, 1H), 5.75-5.66 (m, 2H), 5.60 (ddt, J = 8.9, 6.4, 1.2 Hz, 1H), 3.69 (ddt, J = 
8.2, 3.5, 1.3 Hz, 1H), 2.94-2.85 (m, 1H), 2.85 (tt, J = 6.9, 1.4 Hz, 1H), 2.72-2.66 (m, 1H), 
1.21 (d, J = 8.2 Hz, 1H). 13C NMR (101 MHz, CDCl3) δ 141.53 (quat.), 128.68 (4xC, 
CH), 127.15 (CH), 122.95 (CH), 121.28 (CH), 118.68 (CH), 115.45 (CH), 66.19 (CH), 
41.83 (CH), 38.83 (quat.), 37.94 (CH), 35.47 (CH). HRMS-APCI: calculated for 
C15H15O [M+H]+: 211.1117; found = 211.1111.  
 
1-Phenyl-9-(prop-2-yn-1-yloxy)tricyclo[3.3.1.02,8]nona-3,6-diene (24b) 
The title compound was prepared from 1-phenyltricyclo[3.3.1.02,8]nona-
3,6-dien-9-ol (126.9 mg, 0.603 mmol), according to the procedure below, 
and obtained as a yellow oil (105.5 mg, 0.425 mmol, 70%). Previously 
dried glassware and anhydrous solvents were used. (2S,5R)-1-
phenyltricyclo[3.3.1.02,8]nona-3,6-dien-9-ol (126.9 mg, 0.603 mmol, 1 equiv) dissolved 
in 2 mL THF was added dropwise to a suspension of NaH (60 wt%, 97 mg, 2.414 mmol, 
4 equiv) in a mixture of DMF (2.1 mL) and THF (2.1 mL) at 0 ºC under Ar. The 
resulting mixture was stirred at 0 ºC for 1 h whereupon addition of a suspension of 
tetrabutyl ammonium iodide (223 mg, 0.603 mmol, 1 equiv) in 2.2 mL THF. 
Subsequently propargyl bromide (148 mg, 0.094 mL, 1.207 mmol, 2 equiv) was added 
dropwise at 0 ºC. The reaction mixture was stirred 15 min at this temperature, then 20 h 
at 23 ºC. The reaction was quenched with water and extracted (x4) with Et2O. The 
combined organic extracts were washed with brine (x4), dried over Na2SO4 and the 
solvent removed under reduced pressure (rotary evaporator bath at 19 ºC, ≥ 100 mbar). 
The crude product was purified by column chromatography on silica gel (eluent: 9:1 
pentane:diethyl ether) followed by preparative TLC on silica gel (eluent: 9:1 
pentane:diethyl ether). 
1H NMR (400 MHz, CDCl3) δ 7.46-7.41 (m, 2H), 7.36-7.30 (m, 2H), 7.28-7.20 (m, 1H), 
6.02-5.95 (m, 1H), 5.80-5.65 (m, 3H), 3.89 (dd, J = 16.2, 2.4 Hz, 1H), 3.70-3.58 (m, 2H), 
3.02 (td, J = 6.6, 3.6 Hz, 1H), 2.88-2.76 (m, 1H), 2.64-2.55 (m, 1H), 2.24 (t, J = 2.4 Hz, 
1H). 13C NMR (101 MHz, CDCl3) δ 141.89 (quat.), 129.16 (2xC, CH), 128.33 (2xC, 
OHPh
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CH), 126.91 (CH), 122.20 (CH), 121.50 (CH), 119.78 (CH), 117.34 (CH), 80.24 (quat.), 
73.86 (CH), 73.81 (CH), 57.10 (CH2), 39.23 (CH), 37.20 (quat.), 35.17 (CH), 34.15 (CH). 
HRMS-ESI: calculated for C18H16NaO [M+Na]+: 271.1093; found = 271.1088.  
 
9-(2,2-Dimethoxypropoxy)-1-phenyltricyclo[3.3.1.0]nona-3,6-diene (26b) 
The title compound was prepared from 1-phenyl-9-(prop-2-yn-1-
yloxy)tricyclo[3.3.1.02,8]nona-3,6-diene (30.0 mg, 0.121 mmol), 
according to the procedure below, and obtained as a yellow oil (15.5 
mg, 0.121 mmol, 41%). (2S,5R)-1-phenyl-9-(prop-2-yn-1-
yloxy)tricyclo[3.3.1.02,8]nona-3,6-diene (30.0 mg, 0.121 mmol, 1 equiv) was charged in 
a vial and dissolved in anhydrous CH2Cl2 (0.9 mL) and MeOH (0.3 mL) (0.1 M solution, 
3:1 CH2Cl2:MeOH) at 23 ºC, with no particular precautions taken to exclude air. 
Subsequently the gold (I) catalyst D (4.66 mg, 6.04 µmol, 5 mol%) was added at the 
same temperature and the reaction mixture stirred for 20 h. The solvent was removed 
under reduced pressure. The crude was purified by preparative TLC on silica gel (eluent: 
8:1 pentane:diethyl ether). 
1H NMR (500 MHz, CDCl3) δ 7.46-7.39 (m, 2H), 7.34-7.26 (m, 2H), 7.24-7.18 (m, 1H), 
5.95 (ddd, J = 9.1, 6.7, 0.9 Hz, 1H), 5.77 (ddd, J = 8.7, 7.0, 1.6 Hz, 1H), 5.71-5.65 (m, 
2H), 3.40-3.35 (m, 1H), 3.23 (d, J = 10.3 Hz, 1H), 3.10 (s, 3H), 2.97-2.92 (m, 2H), 2.90 
(s, 3H), 2.76-2.68 (m, 1H), 2.57-2.50 (m, 1H) 1.01 (s, 3H). 13C NMR (126 MHz, CDCl3) 
δ 142.27 (quat.), 129.46 (2xC, CH), 128.10 (2xC, CH), 126.75 (CH), 122.38 (CH), 
121.64 (CH), 121.00 (CH), 118.46 (CH), 100.50 (quat.), 74.82 (CH), 70.36 (CH2), 48.23 
(CH3), 48.08 (CH3), 37.48 (CH3), 37.09 (quat.), 34.49 (CH), 32.81 (CH), 19.92 (CH3). 
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Chapter 3: On the Role of σ,π-Digold(I) Alkyne Complexes 
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The exponential growth of the research field of homogeneous gold catalysis over the past 
two decades positioned it as a hot topic in chemistry. In the early stages of gold catalysis, 
research dealt mainly with methodology development. However, it was not long before 
detailed mechanistic studies and applications in total synthesis emerged. All these 
transformations were proposed to rely on the activation of the substrate by one gold 
center. In contrast, some particular transformations reported more recently suggested a 
potential activation of the substrates by two gold atoms simultaneously. These findings 
illustrated the diversity and complexity of gold-catalyzed reaction mechanisms, 
prompting for more thorough mechanistic studies. 
Digold Complexes 
Digold(I) complexes have been known since the mid-seventies.181 Nevertheless, their 
relevance in homogeneous gold(I)-catalysis has only been recognized recently.182 Along 
the years, these species have found application as building blocks in supramolecular 
structures -featuring in some cases fascinating luminescence properties-183 and more 
recently in the construction of highly luminescent polynuclear gold(I) clusters.184  
Formation of Digold Complexes 
In general, homogeneous gold(I)-catalyzed reactions of alkynes can be viewed as an 
initial π -coordination via ligand substitution to form π -alkyne gold(I) intermediates I, 
which then react with carbo- or heteronucleophiles.45b,c,d This type of complexes of non-
terminal alkynes have been prepared and characterized.30c,31c,185 Generation of s-alkynyl 
gold(I) complexes II can easily occur via in situ deprotonation of the terminal alkyne by 
the counteranion X-. Species II can react with I or with the initial catalyst [AuLL’]X to 
form ultimately s,p-digold(I) alkyne complexes III.186 Those are stable species that have 
been structurally characterized (Scheme 1).187 The facile formation of species III is a 
result of the stronger binding of gold(I) to gold(I) acetylides II than to free alkynes. 
																																								 																				
181. (a) A. N. Nesmeyanov, E. G. Perevalova, K. I. Grandberg, D. A. Lemenovskii, T. V. Baukova, O. B. 
Afanassova, J. Organomet. Chem. 1974, 65, 131-144. (b) K. A. Porter, A. Schier, H. Schmidbaur, 
Organometallics 2003, 22, 4922-4927. 
182. I. Braun, A. M. Asiri, A. S. K. Hashmi, ACS Catal. 2013, 3, 1902-1907. 
183. J. C. Lima, L. Rodríguez, Chem. Soc. Rev. 2011, 40, 5442-556. 
184. T. J. Feuerstein, M. Poß, T. P. Seifert, S. Bestgen, C. Feldmann, P. W. Roesky, Chem. Commun. 2017, 
53, 9012-9015. 
185. (a) A. Das, C. Dash, M. Yousufuddin, M. A. Celik, G. Frenking, H. V. R. Dias, Angew. Chem. Int. Ed. 
2012, 51, 3940-3943. (b) A. Das, C. Dash, M. A. Celik, M. Yousufuddin, G. Frenking, H. V. R. Dias, 
Organometallics 2013, 32, 3135-3144.  
186. B. Ranieri, I. Escofet, A. M. Echavarren, Org. Biomol. Chem. 2015, 13, 7103-7118. 
187. For some selected examples see: (a) A. Grirrane, H. García, A. Corma, E. Álvarez, ACS Catal. 2011, 1, 
1647-1653. (b) A. Grirrane, H. García, A. Corma, E. Álvarez, Chem. Eur. J. 2013, 19, 12239-12244. (c) 
J. M. F. Espada, J. Campos, J. López-Serrano, M. L. Poveda, E. Carmona, Angew. Chem. Int. Ed. 2015, 
54, 15379-15384. (d) A. Grirrane, E. Álvarez, H. García, A. Corma, Chem. Eur. J. 2017, 23, 2792-2801. 
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Scheme 1. Formation of s-alkynyl gold(I) complexes II and s,p-digold(I) alkyne complexes III 
from π-alkyne gold(I) intermediates I. 
Activation Modes in Gold(I) Catalysis 
π-alkyne gold(I) intermediates of type I (Scheme 1) have been proposed commonly as 
the catalytically active species in gold(I)-catalyzed reactions, defining a well-established 
and widely accepted π-activation mode (Scheme 2a).45b,c,d Through the years, specific 
gold(I)-catalyzed reactions involving s-alkynyl gold(I) complexes of type II, s,p-
digold(I) alkyne complexes of type III, or both I and II type species as intermediates in 
the catalytic cycles have been discovered. These findings illustrate more complex 
reaction mechanisms that have broadened the landscape of substrate activation in gold(I) 
catalysis. They have opened new perspectives and enabled the development of 
innovative reactions.182,188  
The dual s,p-activation mode was initially proposed by Toste and Houk, 189  who 
suggested that s,p-digold(I) alkyne of type III were catalytically active species (Scheme 
2b, left). Soon after, Gagosz,190 Hashmi191 and Zhang192 independently reported a new 
related dual gold activation mode in the gold-catalyzed cyclization of diynes in which at 
least one of the alkynes is a terminal one. In this case, a simultaneous activation of both 
alkynes takes place. The internal alkyne (when applicable) is activated by gold via p-
coordination to form species of type I, while the terminal alkyne is activated by gold 
through the formation of	 a	s-alkynyl gold(I) of type II (Scheme 2b, right). More recently, 
Hashmi reported the s-activation mode, in which gold acetylides of type II are proposed 
to be the catalytically active species (Scheme 2c). 193  A selection of these singular 
reactions will be reviewed in more detail. 
																																								 																				
188. Y. Wei, M. Shi, ACS Catal. 2016, 6, 2515-2524. 
189. P. H.-Y. Cheong, P. Morganelli, M. R. Luzung, K. N. Houk, F. D. Toste, J. Am. Chem. Soc. 2008, 130, 
4517-4526. 
190. Y. Odabachian, X. F. Le Goff, F. Gagosz, Chem. Eur. J. 2009, 15, 8966-8970. 
191. (a) A. S. K. Hashmi, I. Braun, M. Rudolph, F. Rominger, Organometallics 2012, 31, 644-661. (b) A. S. 
K. Hashmi, I. Braun, P. Nösel, J. Schädlich, M. Wieteck, M. Rudolph, F. Rominger, Angew. Chem. Int. 
Ed. 2012, 51, 4456-4460. (c) A. S. K. Hashmi, M. Wieteck, I. Braun, M. Rudolph, F. Rominger, Angew. 
Chem. Int. Ed. 2012, 51, 10633-10637.  
192. (a) S. Sun, J. Kroll, Y. Luo, L. Zhang, Synlett 2012, 1, 54-56. (b) L. Ye, Y. Wang, D. H. Aue, L. Zhang, 
J. Am. Chem. Soc. 2012, 134, 31-34. 
193. J. Bucher, T. Wurm, K. S. Nalivela, M. Rudolph, F. Rominger, A. S. K. Hashmi, Angew. Chem. Int. Ed. 
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Scheme 2. Activation modes in gold(I)-catalysis 
Dual s,p-Activation Mode 
As mentioned previously, the first example of dual activation of alkynes through the 
formation of s,p-digold(I) alkyne species was reported by Toste and Houk in 2008.189 
This study described the cycloisomerization of 1,5-allenynes catalyzed by 
[(PPh3Au)3O]BF4 (Scheme 3), a reaction that was limited to terminal alkynes.189 
 
Scheme 3. Gold(I)-catalyzed cycloisomerization of 1,5-allenynes. 
A combined experimental and computational study suggested that s,p-digold(I) alkyne 
intermediate IV would promote a 5-exo-dig cyclization to form gem-diaurated species V. 
A 1,5-H shift in V would afford gem-diaurated species VI, that after catalyst and proton 
transfer would give product 2 (Scheme 4). Interestingly, related gem-diaurated 
alkenyl 194 , 195 , 196 , 197  and aryl complexes 198 , 199 , 200  with Au2C three-center-two-electron 
																																								 																				
194. (a) D. Weber, M. R. Gagné, Org. Lett. 2009, 11, 4962-4965. (b) D. Weber, M. A. Tarselli, M. R. Gagné, 
Angew. Chem. Int. Ed. 2009, 48, 5733-5736. (c) T. J. Brown, D. Weber, M. R. Gagné, R. A. 
Widenhoefer, J. Am. Chem. Soc. 2012, 134, 9134-9137. (d) D. Weber, M. R. Gagné, Chem. Sci. 2013, 4, 
335-338. 
195. G. Seidel, C. W. Lehmann, A. Fürstner, Angew. Chem. Int. Ed. 2010, 49, 8466-8470. 
196. (a) A. S. K. Hashmi, I. Braun, P. Nösel, J. Schädlich, M. Wieteck, M. Rudolph, F. Rominger, Angew. 
Chem. Int. Ed. 2012, 51, 4456-4460. (b) A. S. K. Hashmi, M. Wieteck, I. Braun, P. Nösel, L. Jongbloed, 
M. Rudolph, F. Rominger, Adv. Synth. Catal. 2012, 354, 555-562. (c) P. Nösel, T. Lauterbach, M. 
Rudolph, F. Rominger, A. S. K. Hashmi, Chem. Eur. J. 2013, 19, 8634-8641. 
197. (a) A. Zhdanko, M. E. Maier, Chem. Eur. J. 2013, 19, 3932-3942. (b) A. Zhdanko, M. E. Maier, Chem. 
Eur. J. 2014, 20, 1918-1930. 
198. D. Weber, T. D. Jones, L. L. Adduci, M. R. Gagné, Angew. Chem. Int. Ed. 2012, 51, 2452-2456. 
199. Y. Chen, M. Chen, Y. Liu, Angew. Chem. Int. Ed. 2012, 51, 6181-6186. 
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bonds have also been prepared and structurally characterized in different unrelated 
contexts.201 
 
Scheme 4. Proposed mechanism for the gold(I)-catalyzed cycloisomerization of 1,5-allenynes. 
Relevant additional experiments involved the preparation of the corresponding stable 
gold(I) acetylide 1b. Whereas heating acetylide gold(I) complex 1b resulted in no 
reaction, the addition of catalytic amounts of cationic gold(I) catalysts promoted the 
transformation of 1b to product 2b (Scheme 5). These evidences are in accordance with 
the mechanistic proposal shown in Scheme 4. 
 
Scheme 5. Additional experiments. 
A year after the discovery of this unique mechanism, Gagosz reported the synthesis of 
10-membered cycloalkynes via gold(I)-catalyzed reaction of terminal 1,10-diynes 
(Scheme 6).190  
 
Scheme 6. Gold(I)-catalyzed reaction of terminal 1,10-diynes. 
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The proposed mechanism relies on a dual s,p-activation mode, involving a simultaneous 
formation of a s-gold(I) acetylide and a p-alkyne	 gold(I) species as depicted in VII 
(Scheme 7), that react with each other in a dual-gold(I)-catalyzed process to form 
intermediate VIII. The authors suggested the potential function of the counterion (NTf2-) 
as a proton acceptor/donor.187a,202 Species VIII would evolve via demetalation and final 
protodeauration to give product 4. 
 
Scheme 7. Proposed mechanism for the gold(I)-catalyzed reaction of 1,10-diynes. 
An alternative mechanism, based on the proposal of Toste and Houk189 and involving 
digold species X, was also considered (Scheme 8). Both mechanisms are in accordance 
with the experimental observations. 
 
Scheme 8. Alternative mechanistic proposal. 
The intermolecular version of this alkyne-homodimerization was explored few years 
after by Zhang, who proposed an analogous mechanism to the one shown in Scheme 
7.192a  
Soon after, Hashmi provided further mechanistic insights through the study of the 
gold(I)-catalyzed reaction of 1,5-diynes, in which one of the alkyne is a terminal one. 
This reaction yielded benzofulvenes as products (Scheme 9).191b 
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Scheme 9. Gold(I)-catalyzed reaction of 1,5-diynes. 
According to the proposed reaction mechanism, first gold acetylide XII is formed, via 
deprotonation of the terminal alkyne by the counterion and liberation of the 
corresponding acid, or by catalyst transfer. Once the acetylide and the p-alkyne	 gold(I) 
species are formed, a dual s,p-activation takes place to afford reactive gold vinylidene 
XIV. Then, a 1,5-hydride shift to the electrophilic vinylidene carbon occurs leading to 
gold-stabilized cation XV. Addition of the vinyl gold double bond onto the cation 
followed by elimination of the gold complex leads to monogold product XVII, which is 
in equilibrium with the corresponding gem-diaurated species XVIII. Finally, catalyst and 
proton transfer takes place between intermediate XVII and a molecule of substrate 5, 
affording product 6 and generating another molecule of gold(I) acetylide XII (Scheme 
10). Interestingly, in general, gem-diaurated species formed in single-gold catalyzed 
reactions do not undergo protodeauration as easily as vinyl gold species, which tends to 
slow down the catalytic turnover. In contrast, in this gold-catalyzed reaction involving 
dual s,p-activation, gem-diaurated species were found to be excellent simultaneous dual-
activation catalysts. 
In the context of dual gold catalysis, the group of Hashmi has designed a new generation 
of s,p-dinuclear gold propyne acetylide complexes that proved to be efficient 




203. A. S. K. Hashmi, T. Lauterbach, P. Nösel, M. H. Vilhelmsen, M. Rudolph, F. Rominger, Chem. Eur. J. 




   (5 mol%)
5
UNIVERSITAT ROVIRA I VIRGILI 
GOLD CATALYSIS: FROM FUNDAMENTALS TO THE SYNTHESIS OF BULLVALENES AND NATURALLY 
OCCURRING SESQUITERPENES 




Scheme 10. Proposed mechanism for the gold(I)-catalyzed reaction of 1,5-diynes. 
s-Activation Mode 
The s-activation mode is far less explored, and is somewhat related to the s,π-dual 
activation. This activation mode relies on the formation of a gold(I) acetylide, that 
increases the nucleophilicity of the b-carbon atom. A characteristic example is the 
formation of vinyl sulfonates via gold(I)-catalyzed reaction of substituted terminal 
alkynes bearing a sulfonate leaving group at an appropriate distance.193 The authors 
suggested a mechanism in which, after initial formation of gold acetylide XIX, a 
cyclization occurs at the b-carbon atom of these species, forming gold vinylidene 
complex XX, as a tight ion pair with the sulfonate leaving group. Attack of the sulfonate 
at the a-carbon in XX followed by catalyst and proton transfer affords vinyl sulfonate 8 
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Scheme 11. Proposed mechanism for the s-activation mode. 
Controversy on the Activation Mode of Gold(I)-Catalyzed Reactions 
Involving Alkynes and Alkenes 
A complete study by Fensterbank and co-workers on the intramolecular 
cycloisomerization of 1,6-enynes revealed the detection of dinuclear gold complexes by 
electrospray ionization and mass spectrometry techniques, and supported the higher 
affinity of gold acetylides for the p-coordination of a LAu+ fragment. Nevertheless, in 
this very study, the actual involvement of digold species as catalytically active 
intermediates in gold-catalyzed enyne cycloisomerizations was questioned.204 In addition, 
a theoretical study on the gold(I)-catalyzed hydroamination of alkynes proposed that the 
nucleophilic attack takes place on π -alkyne gold(I) complexes of type I (Scheme 1), 
rather than s,p-digold(I) alkyne complexes III (Scheme 1).205 
Initial investigations by Corma and co-workers187a suggested the catalytic activity of s,p-
digold(I) alkyne complexes of type III (Scheme 1) in the intermolecular [2+2] 
cycloaddition of alkenes and alkynes to give cyclobutenes 9.44a In contrast, extensive 
mechanistic studies conducted in our group pointed towards the lack of catalytic activity 
of such s,p-digold(I) alkyne complexes. s,p-Digold(I) alkyne species XXIII, isolated 
both in the intermolecular [2+2+2] cycloaddition of alkynes with oxoalkenes206 and in 
the [2+2] cycloadditon of alkynes with alkenes,44a were found to be unproductive species, 
lying outside the main catalytic cycle (Scheme 12).14f Species XXIII presumably arose 
from the deprotonation of the catalytically active π -gold(I)-alkyne complex, and were 
found to be unreactive under the reported reaction conditions. The stronger binding of 
gold(I) to gold(I) acetylides than to free alkynes could explain the low reactivity of 
digold complexes XXIII in the activation of alkyne substrates under catalytic conditions. 
The formation of s,p-digold(I) unproductive species in these intermolecular reactions 
																																								 																				
204. A. Simonneau, F. Jaroschik, D. Lesage, M. Karanik, R. Guillot, M. Malacria, J.-C. Tabet, J.-P. Goddard, 
L. Fensterbank, V. Gandon, Y. Gimbert, Chem. Sci. 2011, 2, 2417-2422. 
205. G. Mazzone, N. Russo, E. Sicilia, J. Chem. Theory Comput. 2015, 11, 581-590. 
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could be minimized by changing the counterion of the cationic catalyst from SbF6- to the 
softer and bulkier anion BArF-, which had an overall positive effect on the yield of these 
reactions.  
 
Scheme 12. Role of digold species in intermolecular reactions of alkynes. 
The aforementioned results illustrated the importance of the counterion on gold(I)-
catalyzed reactions. The effect of the counterion in gold catalysis, impacting reactivity, 
kinetics, regioselectivity and stereoselectivity, has been known since the beginning of the 
gold rush. 207  Notable counterion effects have also been observed on the 
enantioselectivity of some gold-catalyzed reactions.208 Studies on the influence of the 
counterion in gold(I)-catalyzed transformations are scarce, nevertheless some 
investigations carried out through NMR and conductimetric techniques209 as well as DFT 
calculations210 suggested that the nature of the ion pairing211 of cationic π-alkyne gold(I) 
complexes with the counterion and the nature of the counterion are largely responsible 
for these effects. The properties of the counterion (e.g. coordinating, weakly 
coordinating…), the ligands around the gold center and the π-substrate activated by gold 





207. Selected examples and reviews: (a) M. Bandini, A. Bottoni, M. Chiarucci, G. Cera, G. P. Miscione, J. 
Am. Chem. Soc. 2012, 134, 20690-20700. (b) M. Jia, M. Bandini, ACS Catal. 2015, 5, 1638-1652. 
208.    Selected examples: (a) G. L. Hamilton, E. J. Kang, M. Mba, F. D. Toste, Science 2007, 317, 496-499. (b) 
R. L. LaLonde, B. D. Sherry, E. J. Kang, F. D. Toste, J. Am. Chem. Soc. 2007, 129, 2452-2453. 
209. (a) G. Ciancaleoni, C. Zuccaccia, D. Zuccaccia, A. Macchioni, Organometallics 2007, 26, 3624-3626. 
(b) D. Zuccaccia, L. Belpassi, F. Tarantelli, A. Machioni, J. Am. Chem. Soc. 2009, 131, 3170-3171. 
210. (a) G. Kovács, G. Ujaque, A. Lledós, J. Am. Chem. Soc. 2008, 130, 853-864. (b) C. Gourlaouen, N. 
Marion, S. P. Nolan, F. Maseras, Org. Lett. 2009, 11, 81-84. 
211. A. Macchioni, Chem. Rev. 2005, 105, 2039-2073. 
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The controversy around the actual involvement of s,p-digold(I) alkyne species as 
intermediates in the catalytic cycles in gold(I)-catalyzed cycloisomerizations of enynes 
and in the intermoleclular reaction of alkynes and alkenes prompted us to re-investigate 
several gold(I)-catalyzed intramolecular cycloisomerization reactions, in order to shed 
light upon the actual role played by s,p-digold(I) alkyne complexes in catalytic 
transformations of 1,n-enynes. 
We aimed to isolate the corresponding gold(I) acetylides and digold complexes, putative 
intermediates in various proposed catalytic cycles, and to study their reactivity and 
hypothetical involvement in catalysis (Scheme 13). 
 




























"-Gold(I) alkyne !,!-Digold(I) alkyne
[AuLL’]+X-
 Catalytically active species? 
!
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Results and Discussion 
Study of General Gold(I)-Catalyzed Cycloisomerizations 
In order to clarify the actual role played by s,p-digold(I) alkyne species in reactions of 
enynes, various general gold(I)-catalyzed intramolecular cycloisomerization reactions 
were explored in depth.  
The gold(I)-catalyzed reaction of 1,6-enyne 11 at room temperature led cleanly to diene 
12a by a single cleavage rearrangement using complexes A or B (Table 1, entries 1 and 
2). At longer reaction times, or employing complex C as catalyst, mixtures of 12a and 
12b, the product of double bond isomerization, were obtained (Table 1, entries 3 and 4).  
Table 1. Gold(I)-catalyzed cycloisomerization of 1,6-enyne 11. 
 




12a Yield (%)a 12b Yield (%)a 
1 A 1 100 93 0 
2 B 1 100 94 (98)b 0 
3 B 17 100 54 22 
4 C 1 100 31 43 
a Yields determined by 1H NMR using mesitylene as internal standard. b Isolated yield in 
parenthesis. 
 
The reaction of 7-ethynyl-1,3,5-cycloheptatriene 13 with gold(I) complexes A, B or C 




























B: L = MeCN, X = SbF6
C: L = PhCN, X = BArF
A
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Table 2. Gold(I)-catalyzed cycloisomerization of 7-ethynyl-1,3,5-cycloheptatriene 13. 
 




14 Yield (%)a 
1 A 1.5 100 72 (73)b 
2 B 1.5 100 78 (77)b 
3 C 1.5 100 72 
a Yields determined by 1H NMR using mesitylene as internal 
standard. b Isolated yield in parenthesis. 
Preparation of Gold(I) Acetylides and s,p-Digold(I) Alkyne 
Complexes 
With the aim of elucidating the role of the corresponding gold acetylides and s,p-
digold(I) alkyne complexes in the respective catalytic cycles of the reactions studied 
above (Tables 1 and 2), various gold acetylides and dinuclear gold(I) complexes bearing 
phosphine or NHC ligands, and SbF6- or BArF- as counterions were prepared and their 
reactivity and relevance in catalysis were investigated (Figure 1). In addition, gold(I) 
acetylide complexes 21 and 22 were synthesized from the corresponding allenes, 
although the resulting digold complexes could not be obtained in substantial amounts and 
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Figure 1. Acetylide gold(I) and s,p-digold(I) alkyne complexes 15-22. 
Gold(I) acetylides were easily prepared by deprotonation of the alkyne in 1,6-enyne 11 
or 7-ethynyl-1,3,5-cycloheptatriene 13 with nBuLi at low temperature, followed by 
reaction with gold(I) chloride complexes [LAuCl] (Scheme 14). Gold(I) acetylides 21 
and 22 were obtained in the same manner from the corresponding terminal 1,5-
allenynes.213 
 
Scheme 14. General synthetic procedure for the preparation of gold(I) acetylides. 
s,p-Digold(I) alkyne complexes were synthesized from gold(I) acetylides through two 
different protocols. The most general procedure consists in the reaction of gold(I) 
acetylides with stoichiometric amounts of cationic gold(I) complexes A, B or C 
respectively at 25 ºC (procedure A, Scheme 15). An alternative approach relies on the 
reaction of gold(I) acetylides with a stoichiometric amount of cationic [LAu+] species, 
generated in situ, by abstraction of the chloride from [LAuCl] complexes with a silver or 
a sodium salt at 25 ºC (procedure B, Scheme 15). 
																																								 																				


























16a: Ar = 2,6-iPr2C6H3, X = SbF6, 43%A














































20a: Ar = 2,6-iPr2C6H3, X = SbF6, 100%A














THF, -50 to 25 ºC AuLR
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Scheme 15. General synthetic procedures for the preparation of s,p-digold(I) alkyne. 
The structures of 15-22 were confirmed by X-ray diffraction. The structures of 15, 16a, 
17 and 18 as representative complexes are shown in Figure 2.  
For the gold(I) acetylide complexes 15, 17 and 19, the C1-Au and CºC distances are 
1.98-2.01 Å and 1.18-1.21 Å, respectively. For gold(I) acetylides 21 and 22 the C1-Au 
and CºC distances are 2.03-1.94 Å and 1.24-1.30 Å, respectively. In the case of s,p-
digold(I) alkyne complexes (16a-b, 18, and 20a-b) the C1-Au (1.98-2.03 Å) and CºC 
bond (1.21-1.23 Å) distances were similar. The second p-coordinated gold atom was 
found to be symmetrically bonded to the alkyne: 2.25/2.20 Å for 16a, 2.21/2.23 Å for 
16b, 2.22/2.25 Å for 18, 2.20/2.20 Å for 20a, and 2.21/2.20 Å for 20b. 
 
Reactivity of Gold(I) Acetylides and s,p-Digold(I) Alkyne Complexes 
Mononuclear species 15, 17 and 19 were heated at reflux in CDCl3. On one hand, gold 
acetylide 15 remained unchanged, and the corresponding cyclization product could not 
be observed. On the other hand, acetylides 17 and 19 showed partial decomposition, 
although indene (14) could not be detected even after 2 hours at reflux. These results 
demonstrate that gold(I) acetylides are not catalytically active intermediates in these 
cycloisomerizations. 
Digold complexes 16a-b, 18 and 20a-b were subjected to a temperature gradient from 25 
to 130 ºC in (CDCl2)2 (containing either ca. 5% or 2 equiv of water) and reaction 
progress was monitored by 1H, 31P and 19F NMR. Complexes 16a and 20a with SbF6- as 
counterion proved to be very robust, remaining unchanged up to 130 ºC, and no 




















B: L = MeCN, X = SbF6
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                                  15                                                                       17 
 
                                  16a                                                                     18 
Figure 2. Representative ORTEP plots (50% probability of the thermal ellipsoids) for gold(I) 
acetylides 15 and 17 and σ,π-alkyne digold(I) complex 16a and 18 (BArF- anion of 18 omitted for 
clarity). 
Complexes 16b, 18 and 20b bearing the weakly coordinating counterion BArF- were 
stable up to 100 ºC. At this temperature, we observed the slow conversion of the digold 
species into new gold complexes together with cyclization products. In the case of 
complex 18, at 130 ºC a 1:8 ratio between starting digold complex and a new gold 
species was observed (Figure 3). Indene (14) was also formed in 40% yield (1H NMR 
yield, using mesitylene as internal standard). The structure of the major product, complex 
24, was determined by X-ray crystallography (Figure 4). This complex arises from 
boron-to-gold transmetalation of the tetrakis[3,5-bis(trifluoromethyl)phenyl]borate 
(BArF-) counterion. This heterolytic cleavage of the C-B bond of BArF by gold(I), 
leading to the aryl transfer from boron to gold, is precedented in the literature, although it 
has been reported in different contexts.25,214,215 
																																								 																				
214. E. S. Smirnova, A. M. Echavarren, Angew. Chem. Int. Ed. 2013, 52, 9023-9026. 
215. For characterization of 24 see: H. K. Lenker, T. G. Gray, R. A. Stockland Jr., Dalton Trans. 2012, 41, 
13274-13276. 
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Figure 3. Top: 1H NMR (500 MHz) spectrum of complex 18 in 1,1,2,2-tetrachloroethane-d2 from 
25 to 130 ºC. Bottom: 31P NMR (202 MHz) spectrum of complex 18 in 1,1,2,2-tetrachloroethane-
d2 from 25 to 130 ºC. 
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Figure 4. ORTEP plot (50% probability of the thermal ellipsoids) for gold(I) complex 24. 
For dinuclear species 16b, the starting complex and two new gold species were measured 
in a 1:1.2:1.5 ratio at 130 ºC, along with cyclization product 12a, which was formed in 
58% yield (1H NMR yield, using mesitylene as internal standard) (Figure 5). From the 
reaction mixture, crystalline compound (23) was obtained and its structure was 
determined by X-ray diffraction analysis as depicted in Figure 6.216 The other species 
found in the reaction mixture was tentatively attributed to 24’, product of boron-to-gold 
transmetalation, by analogy with the identification of 24. However, in this case, we were 
not able to confirm its structure by X-ray crystallography. Heating digold complex 20b at 
130 ºC led to similar results, and the formation of indene (14) in this case. 
The generation of cyclization products 12a and 14, respectively, in the thermolysis of 
digold complexes 16b, 18 and 20b suggest two possible pathways: 
1) The reaction could occur through initial aryl transfer from the BArF- counterion to s-
coordinated gold (acetylide) to form [LAuAr] complexes of type 24 together with p-
gold(I) alkynyl borates, which undergo cyclization promoted by the π -coordinated gold 
center. Hydrolysis of the C-B bonds could take place on the enyne intermediates 
(alkynyl borates) or on the final products by reaction with water present in the solvent.  
2) The other hypothesis involves protodeauration of the s-coordinated gold with water 
present in the solvent, leading to gold hydroxides and the corresponding alkyne species, 
which could undergo cyclization promoted by the π-coordinated gold center. Subsequent 
aryl transfer from the BArF- to gold hydroxide species would form LAuAr complexes of 
type 24. Furthermore, ligand exchange in any of the gold(I) species present in the 
reaction mixture would lead to complex 23. 
																																								 																				
216. For synthetic procedures and characterization of 23 and related compounds see: (a) A. Collado, J. 
Bohnenberger, M. J. Oliva-Madrid, P. Nun, D. B. Cordes, A. M. Z. Slawin, S. P. Nolan, Eur. J. Inorg. 
Chem. 2016, 4111-4122. (b) L. Lozada-Rodríguez, J. B. Pelayo-Vázquez, I. I. Rangel-Salas, J. G. 
Alvarado-Rodríguez, A. A. Peregrina-Lucano, A. Pérez-Centeno, F. A. López-Dellamary-Toral, S. A. 
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Similar results were obtained when digold complexes 16b, 18 and 20b were heated in 
CDCl3 (5-5.5% water) at reflux for 1 h. 
The gold(I)-catalyzed oxidative cyclization of ethynyl cycloheptatriene (13) with 
external oxidants for the synthesis of barbaralones 25 was studied with digold species 18 
and 20a as substrates. Dinuclear species 18 and 20a were heated from 25 to 130 ºC in 
(CDCl2)2 in the presence of diphenyl sulfoxide as external oxidant. Complex 20a did not 
undergo any detectable change even at 130 ºC, and the formation of the corresponding 
barbaralone product 25 or indene (14) was not observed. In contrast, complex 18 with 
BArF- as counterion, led to indene (14) along with complex 24 when heated at 130 ºC. 
The same results were obtained in the absence of diphenyl sulfoxide as oxidant (Scheme 
16). These observations suggest that under these conditions, the enyne cyclization is a 
faster process than the oxidation by the external oxidant, and only the products of the 
former process are observed. 
 
 
Figure 5. 1H NMR (500 MHz) spectrum of complex 16b in 1,1,2,2-tetrachloroethane-d2 from 25 

























+   16b
MeO2C
MeO2C
12a 24’(CDCl2)2, 25 to 130 ºC
Ar = 2,6-iPr2C6H3
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Figure 6. ORTEP plot (50% probability of the thermal ellipsoids) for gold(I) complex 23. 
 
Scheme 16. Reaction of 18 in the presence of an external oxidant. 
We also studied the catalytic activity of the isolated gold(I) acetylides and digold 
complexes in the cyclizations of substrates 11 or 13 (Tables 3 and 4).  
On one hand, gold(I) acetylide 15 proved to be catalytically inactive (Table 3, entry 1), 
which is in accordance with previous experiments supporting the lack of reactivity of 
gold acetylides. Its activity could be restored by addition of HSbF6·6H2O, which cleaves 
the Au-C bond, generating a catalytically active cationic gold(I) species (Table 3, entry 
2). All these results unambiguously confirm that gold(I) acetylides are not catalytically 
active intermediates in these cycloisomerizations. On the other hand, digold complexes 
16a-b were moderately active in the cycloisomerization of enyne 11, leading to low 
conversions and poor yields of 12a (Table 3, entries 3 and 4) that could be increased with 
longer reaction times (Table 3, entry 5). However, even under the best conditions (Table 
3, entry 5), the reaction required 24 h to afford 12a in 79% yield, whereas catalysts A or 
B provided 12a in higher yields (93-98%) and complete conversion after just 1 h (Table 
1, entries 1 and 2). These results illustrate that digold complexes are poor catalysts in the 
studied intramolecular reaction. The addition of HSbF6·6H2O allowed the formation of 







23: Ar = 2,6-iPr2C6H3
O
S PhPh (2 equiv)
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Table 3. Reactivity of gold acetylide 15 and digold complexes 16a-b as catalysts in the 












1 15 (5) - 24 0 - 
2 15 (5) HSbF6·6H2O 
(5) 
8 100 12:28 
3 16a (2.5) - 1 13 11:0 
4 16a (2.5) - 2 16 15:0 
5 16a (2.5) - 24 99 79:0 
6 16a (5) HSbF6·6H2O 
(5) 
8 100 23:33 
7 16b (3) - 24 100 51:0 
8 16b (5) HSbF6·6H2O 
(5) 
8 100 21:34 
a Yields determined by 1H NMR using mesitylene as internal standard. 
Very similar results were obtained in the reaction of 13 to give indene (14) (Table 4). As 
observed above, gold(I) acetylide 19 was catalytically inactive (Table 4, entry 1), 
whereas in the presence of a strong Brønsted acid (Table 4, entry 2), indene (14) was 
formed. Again, digold complexes were found to be poor catalysts, requiring much longer 
reaction times to achieve good conversions and yields of 14 (as compared with the 
results presented in Table 2). Under the best conditions, the reaction required 24 h to 
afford 46% of 14 (Table 4, entry 4), while catalysts A, B or C led to 14 in higher yields 
(72-78%) after 1.5 h (Table 2). Addition of HSbF6·6H2O resulted in higher yields of 14 
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 Table 4. Reactivity of gold acetylide 19 and digold complexes 20a-b as catalysts in the 












1 19 (5) - 24 0 - 
2 19 (5) HSbF6·6H2O 
(5) 
8 100 61 
3 20a (2) - 24 59 40 
4 20a (3) - 24 70 46 
5 20a (5) HSbF6·6H2O 
(5) 
8 100 50 
6 20b (2) - 24 54 37 
7 20b (5) HSbF6·6H2O 
(5) 
8 100 48 
a Yields determined by 1H NMR using mesitylene as internal standard. 
Competition experiments between the gold acetylides 15 and 19, and the respective 
substrates 11 and 13 were performed (Table 5). First, 1,6-enyne 11 was mixed with 3 
mol% of gold acetylide 15 in CD2Cl2, then 3 mol% of catalyst B were added (Table 5). 
After 15 min, only traces of product 12a along with digold complex 16a were observed 
(Table 5, entry 1), which suggests that gold(I) has a higher affinity for the gold acetylide 
species than for the terminal alkyne substrate. This is in agreement with the results 
reported by Fensterbank and co-workers.204 After 20 h, product 12a was formed in 45% 
yield (Table 5, entry 2). At this stage, addition of extra 3 mol% of catalyst B led to a very 
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Table 5. Competition studies for enyne 11 and gold acetylide 15. 
 




1 3 15 min 1 traces 
2 3 20 h 49 45 
3 6 15 min 100 95 
a Yields determined by 1H NMR using mesitylene as internal standard. 
In the case of ethynyl cycloheptatriene (13), addition of 3 mol% of gold acetylide 19 
followed by addition of 3 mol% of catalysts B, resulted, after 15 min, in a 78% yield of 
14 along with the formation of digold complex 20a. These results suggest that the ligand 
exchange between the catalyst B and 13 is faster than the ligand exchange for the catalyst 
B and the gold acetylide 19. 
A slight variation of the competition studies was then performed with substrate 11. This 
time, enyne 11 was mixed with 1 equiv of gold acetylide 15 (equimolar amounts), 
followed by addition of 5 mol% of catalyst B (Scheme 17). In this case, after 2 or 18 h, 
only traces of cyclization product 12a were observed, along with enyne 11, gold 
acetylide 15 and digold species 16a. These results suggest that in the presence of 
equimolar amounts of enyne 11 and gold acetylide 15, catalytic cationic gold(I) 
preferentially coordinates to the gold acetylide forming s,p-digold complex 16a. This 
shuts down the reaction and leads to the observation of only trace amounts of product 
12a after long reaction times. 
MeO2C
MeO2CMeO2C





















B: L = MeCN, X = SbF6
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Scheme 17. Reaction of equimolar amounts of 11 and 15 with catalyst B. 
In order to determine the nature of the gold species present during the cycloisomerization 
reaction of ethynyl cycloheptatriene (13), the reaction of 13 with catalyst A was 
monitored by 1H and 31P NMR from -60 to 25 ºC (Scheme 18).217 Neither the gold(I) 
acetylide 17 nor the corresponding digold species 18 were detected during the reaction 
course. At -60 ºC, two major species were observed in 31P NMR and were attributed to 
the gold catalyst A and π-gold(I) alkyne complex 26.218 At -20 ºC product 14 started to 
be formed and a new peak appeared in 31P NMR, which was attributed to p-complex 27, 
resulting from the coordination of gold to the double bond of indene (14). While the 
temperature increased, the peaks corresponding to the gold catalyst A and the π-gold(I) 
alkyne complex 26 decreased and the peak corresponding to the complex of gold 
coordinated to the double bond of the indene (27) increased. At 0 ºC, complete 








217. Skeletal rearrangement of enyne 11 occurs even at very low temperatures (-63 ºC), which complicates 
the study of the course of the reaction.24a  
218. A minor unidentified species was also observed from -60 to -20 ºC. 
MeO2C
MeO2CMeO2C
MeO2C CD2Cl2, 25 ºC       2-18 h






















B: L = MeCN, X = SbF6
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Scheme 18. Cycloisomerization of 13 using gold(I) complex A as catalyst. From bottom to top: 31P 
NMR spectrum of digold complex 18 at -60 ºC. 31P NMR spectrum of gold acetylide 17 at -60 ºC. 
31P NMR spectrum of reaction mixture 13 + A at -60 ºC, -30 ºC, -20 ºC, -10 ºC and 0 ºC. 31P 
NMR spectrum of digold complex 18 at 25 ºC. 31P NMR spectrum of gold acetylide 17 at 25 ºC. 
We aimed to prepare alkene-gold(I) complex 27 by reaction of in situ generated cationic 
[tBuXPhosAu+] with indene (14) at 25 ºC. However, chloride abstraction from 
tBuXPhosAuCl with NaBArF in the presence of indene (14) did not lead to the formation 
of 27 and a different complex was observed instead. The same gold(I) complex was also 
formed in the absence of indene (14). The spectroscopic data, IR and HRMS pointed to 
cationic gold(I) intermediate 28 as most likely structure for this complex (Scheme 19). 
Small amounts of chloride-bridged gold(I) species 29a were also observed. The structure 
of 28 could not be unambiguously confirmed by X-ray diffraction since crystallization of 
28 resulted in the formation of gold aryl complex 24. Complex 24 presumably arises 
from the cleavage of the C-B bond of the weakly coordinating anion BArF by gold(I). 
The formation of complex of type 28 is precedented in the literature25 with very bulky 
NHC ligands, [(IPr**)Au]BArF with IPr** = 1,3-bis{2,6-bis[bis-(4-tert-
A (5 mol%)
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butylphenyl)methyl]-4-methylphenyl}-1,3-dihydro-2H-imidazol-2-ylidene on gold(I). 
This reported cationic gold(I) complex was formed via a procedure similar to that 
employed for the generation of 28. However, in this case as well, no structural 
characterization was possible since crystallization or longer reaction times (7 days) led to 
the corresponding aryl gold complex [(IPr**)AuAr]. 
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29a: R = iPr
+
   NaBArF
(1.05 equiv)
crystallization
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Interestingly, gold(I) chloride complexes bearing JohnPhos or XPhos ligands did not lead 
to the formation of analogous species 28 under the same reaction conditions with 
NaBArF. Instead, formation of the chloride-bridged dinuclear species 29b and 29c was 
observed (Scheme 20). Structures 29a and 29b were confirmed by X-ray crystallography 
(Figure 7). Digold chloride-bridged species have been obtained previously in our group, 
by abstraction of the chloride from LAuCl complexes with silver salts in the absence of a 
coordinating solvent or substrate.23 These robust species are significantly less active than 
cationic complexes [LAu(NCMe)]X and are responsible in many cases of the detrimental 
so-called “silver effects”. These results suggest that, when preparing cationic gold(I) 
catalysts employing NaBArF, precautions identical to those described for chloride 
abstraction with silver salts have to be taken in order to avoid the formation of less active 
dinuclear chloride-bridged species. 
 
Scheme 20. Formation of chloride-bridged gold(I) species 29b and 29c. 
 
                                    29a                                                                           29b 
Figure 7. ORTEP plots (50% probability of the thermal ellipsoids) for chloride-bridged gold(I) 
complexes 29a and 29b (BArF- counterions omitted for clarity). 
Computational Results 
DFT calculations (M06, 6-31G(d) (C, H, P, N) and SDD (Au), SMD = CH2Cl2) were 
performed in order to compare the energy barriers for the previous experimentally 
studied gold(I) catalyzed cycloisomerizations in the presence of one or two gold atoms. 
In all cases, the calculations were performed with three different ligands, L1 = 
trimethylphosphine (a series), L2 = triphenylphosphine (b series), and L3 = 1,3-bis(2,6-











29b: R = H, R’ = tBu
29c: R = iPr, R’ = Cy
CH2Cl2, 25 ºC










   NaBArF
(1.05 equiv)
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The gold(I)-catalyzed cycloisomerization of 1,6-enynes was studied using a simplified 
form of substrate 11, without the malonate linker. This transformation can proceed 
through two different pathways leading to five- or six- membered rings 
respectively.14e,47a, 219  Both possibilities were studied by activation of the 1,6-enyne 
substrate with one or two gold nuclei. In the case of 1,6-enyne activation through 
coordination of one gold atom to the alkyne, the 5-exo-dig cyclization of XXIVa-c led to 
intermediates XXVa-c, while compounds XXVIa-c were formed via a kinetically less 
favored 6-endo-dig process (Scheme 21). In most cases, slightly higher energy barriers 
were observed for the cyclization with more electron-donating carbene ligand L3, which 
reduces the electrophilicity of AuL+ species. 
 
Scheme 21. Cycloisomerizations of monogold-1,6-enyne (XXIVa-c) complexes. Free energies are 
given in kcal/mol. 
The cyclization of digold complexes XXVIIa-c showed considerably higher energy 
barriers (5-exo-dig, L1 = 22.3, L2 = 20.1, L3 = 22.1 kcal/mol; 6-endo-dig, L1 = 23.3, L2 = 
21.5, L3 = 33.4 kcal/mol), suggesting that s-coordination by a second gold(I) raises the 
energy of the C-C bond formation by ca. 12-20 kcal/mol. These digold complexes could 
also lead to high energy gem-diaurated species XXVIIIa-c and to compounds XXIXa-c 
through thermodynamically unfavorable processes (Scheme 22). These results are in 
accordance with the experimental data and strongly support that digold species are 
incompetent in cycloisomerization reactions. 
 
Scheme 22. Cycloisomerizations of digold-1,6-enyne (XXVIIa-c) complexes. Free energies are 
given in kcal/mol.220 
																																								 																				
219. A. M. Echavarren, M. E. Muratore, V. López-Carrillo, A. Escribano-Cuesta, N. Huguet, C. Obradors, 
Org. React. 2017, 92, chapter 1. 
220. The energy of TSXXVIIc-XXIXc was calculated by freezing the following distance: d(C8-C55). The value of 
this distance was taken from the optimized geometry using a simplified ligand (Me instead of iPr) and 





a: ∆G‡ = 9.1
b: ∆G‡ = 7.4
c: ∆G‡ = 10.4
XXVa (∆Gº = -4.2)
XXVb (∆Gº = -4.8)
XXVc (∆Gº = -4.2)
a: ∆G‡ = 11.8
b: ∆G‡ = 10.7
c: ∆G‡ = 11.6
XXVIa (∆Gº = -9.4)
XXVIb (∆Gº = -10.1)
XXVIc (∆Gº = -8.3)
HH
a series : L = PMe3
b series : L = PPh3













a: ∆G‡ = 22.3
b: ∆G‡ = 20.1
c: ∆G‡ = 22.1
XXVIIIa (∆Gº = 22.0)
XXVIIIb (∆Gº = 18.9)
XXVIIIc (∆Gº = 14.9)
a: ∆G‡ = 23.3
b: ∆G‡ = 21.5
c: ∆G‡ = 33.4
XXIXa (∆Gº = 2.4)
XXIXb (∆Gº = -0.2)
XXIXc (∆Gº = 3.9)
AuLAuL
a series : L = PMe3
b series : L = PPh3
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Gold acetylides XXXa-c could only evolve through an ene reaction, via 1,5-hydrogen 
transfer (TSene), leading to XXXIa-c. However, this transformation shows prohibitively 
high energy barriers (ca. 38 kcal/mol), discarding gold acetylides as possible active 
intermediates in 1,6-enyne cycloisomerizations (Scheme 23). These results are fully 
consistent with the experimental observations. Despite all the efforts, we could not locate 
the transition state for the 5-exo-dig cyclization in gold acetylides. In all the attempts, we 
observed the evolution through an ene reaction. 
 
Scheme 23. Cycloisomerizations of gold(I) acetylides XXXa-c. Free energies are given in 
kcal/mol.  
Computational studies on the gold(I)-catalyzed cycloisomerization of 1,6-enyne 13 also 
showed higher energy barriers for the reaction of digold complexes XXXVa-c than for 
that of monogold species XXXIIa-c (Scheme 24). These reactions actually proceed by 
cycloisomerization of the norcaradiene complexes XXXIIIa-c, which are in tautomeric 
equilibrium with the cycloheptatrienes. 
a series : L = PMe3
b series : L = PPh3
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b: ∆G‡ = 37.9
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Scheme 24. Cycloisomerizations of monogold-(XXXIIa-c) and digold-cycloheptatriene (XXXVa-
c) complexes. Free energies are given in kcal/mol.  
The gold(I)-catalyzed reaction of 1,5-allenynes in the presence of one or two gold centers 
was further explored computationally.189,204 In this case, a reactivity pattern identical to 
that calculated for enynes XXIV and XXVII was also observed in the first step of the 
reaction, involving the C-C bond formation through 1,6-enyne cyclization. Thus, the 
computed energy barriers for the cyclization of digold complexes XLIa-c (XLIa-c 
" XLIIa-c) were much higher than those calculated for the related process involving 
monogold species XXXVIIIa-c (XXXVIIIa-c " XXXIXa-c) (Scheme 25). However, 
for this transformation of allenynes, the second step consisting of an ene reaction actually 
makes the digold pathway more favorable, in agreement with the previous theoretical 
study employing PH3 as ligand.189 Hence, the second step for the monogold pathway 
(XXXIXa-c " XLa-c) features much higher barriers (28-29 kcal/mol) than that of the 
digold pathway (XLIIa-c " XLIIIa-c), which only requires between 5 to 10 kcal/mol to 
proceed. In this case, aurophilic interactions were observed, which could explain the 
lower energy transition states. Therefore, since both XXXVIIIa-c and XLIa-c are in 
equilibrium, the system will evolve almost exclusively through digold species XLIIa-c 
and XLIIIa-c. Products XLIIIa-c feature strong aurophilic interactions and, thus, drive 
the equilibrium towards the products of type 2 (Schemes 3 and 4). 
XXXIVa (∆Gº = -10.1)
XXXIVb (∆Gº = -8.8)





XXXIIIa (∆Gº = -0.5)
XXXIIIb (∆Gº = 0.1)
XXXIIIc (∆Gº = 2.2)
a: ∆G‡ = 12.7 
b: ∆G‡ = 12.9
c: ∆G‡ = 13.0
H HH
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XXXVIIb (∆Gº = 15.7)
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c: ∆G‡ = 24.3
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a series : L = PMe3
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Scheme 25. Cycloisomerizations of monogold-(XXXVIIIa-c) and digold-1,5-allenyne (XLIa-c) 







221. The energy of TSXLIc-XLIIc was calculated by freezing the following distances: d(C1-C79) and 
d(C1-C80). The values of these distances were taken from the optimized geometry using a simplified 
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Gold(I) acetylides and s,p-digold(I) alkyne complexes from 1,6-enyne substrates that 
typically undergo cycloisomerization reactions under mild conditions in the presence of 
gold(I) catalysts have been prepared. Their actual involvement in the corresponding 
catalytic cycles along with their reactivity as catalysts have been studied through 
experiments and DFT calculations. 
Gold(I) acetylides are unproductive species in cycloisomerization reactions of enynes. 
Their reactivity could be restored by addition of a strong Brønsted acid that cleaves the 
Au-C bond leading to the release of catalytically competent cationic gold(I) complexes. 
Fully-characterized digold(I) complexes were found to be very robust and failed to 
cyclize in solution when heated up to 100-130 ºC. These results confirmed that such 
digold(I) species are not catalytic intermediates but rather “dead-ends” in catalytic 
reactions of enynes, which is in full agreement with the previous reports (Scheme 26). 
Only in the case of cationic digold(I) complexes with BArF- as the counterion, could 
cyclization products be formed when heating at 100 ºC. However, the observed reactivity 
is due to the decomposition of the complexes by transmetalation with the tetraarylborate 
that results in the transfer of one of the aryls from boron to gold. As a consequence, a 
terminal alkyne or an alkynyl borate with a p-coordinated gold is formed, that cyclizes 
under the reaction conditions to afford the corresponding cyclized product. 
 
Scheme 26. Gold acetylides and digold complexes, inert species in reactions with alkenes. 
The s,p-digold(I) alkyne complexes studied herein demonstrated only moderate catalytic 
activity in intramolecular reactions of enynes, and were found to be much less efficient 
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Computational investigations fully supported the experimentally observed inertness of 
gold acetylides and s,p-digold(I) alkyne complexes in intramolecular reactions with 
alkenes. It was shown that s-gold acetylide π-activated by a cationic gold complex could 
raise the energy of the C-C bond forming reaction (nucleophilic attack of the alkene onto 
the π-activated alkyne) by ca. 10-20 kcal/mol as compared with the energy barrier for the 
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The general information has been described in the experimental section of the first 
chapter. 
General Procedures 
General procedure (A) for Au-catalyzed cyclization of enyne and 7-
ethynylcyclohepta-1,3,5-triene substrates 
The substrate (1 equiv) was charged in a vial and dissolved in anhydrous CH2Cl2 (0.1 M 
solution) at 25 ºC, with no particular precautions taken to exclude air. Subsequently the 
gold (I) catalyst (5 mol%) was added in one portion at the same temperature and the 
reaction mixture stirred for 1 h in case of enynes and 1.5 h in case of ethynyl 
cycloheptatriene. The reaction was quenched with a drop of Et3N, the solvent was 
removed under reduced pressure (for volatile compounds, rotary evaporator bath at 19 ºC, 
≥ 100 mbar). The crude product was purified by column chromatography on silica gel 
(see eluent below). 
Experimental Procedures and Characterization of Organic 
Compounds 
Dimethyl 2-(3-methylbut-2-en-1-yl)-2-(prop-2-yn-1-yl)malonate (11) 
The title compound was prepared from dimethyl propargylmalonate 
(3.0 g, 17.630 mmol), according to the procedure below, and obtained 
as a colorless oil (3.94 g, 16.54 mmol, 94%). Dimethyl propargyl 
malonate (3.0 g, 17.630 mmol, 1 equiv) was added dropwise to a 
suspension of NaH (60 wt%, 550.0 
mg, 22.92 mmol, 1.3 equiv) in a 
mixture of DMF (18 mL) and THF 
(18 mL) at 0 ºC under argon. The 
resulting mixture was stirred at 25 ºC for 15 min whereupon addition of 3,3-
dimethylallyl bromide (3.15 g, 21.16 mmol, 1.2 equiv). The reaction mixture was stirred 
15 h at 25 ºC. The reaction was quenched with water and extracted (x4) with Et2O. The 
combined organic extracts were washed with brine (x4), dried over MgSO4 and the 
solvent removed under reduced pressure. The crude product was purified by column 
chromatography on silica gel (eluent: 7:1 cyclohexane:ethyl acetate). 
1H NMR (500 MHz, CDCl3) δ 4.98-4.82 (m, 1H), 3.73 (s, 6H), 2.82-2.69 (m, 4H), 2.00 
(t, J = 2.7 Hz, 1H), 1.70 (bs, 3H), 1.65 (bs, 3H). 13C NMR (126 MHz, CDCl3) δ 170.63 
(2xC), 137.09, 117.09, 79.42, 71.31, 57.31, 52.84 (2xC), 30.93, 26.20, 22.67, 18.08. GC-
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Dimethyl 3-(2-methylprop-1-en-1-yl)cyclopent-3-ene-1,1-dicarboxylate (12a) 
The title compound was prepared starting from dimethyl 2-(3-
methylbut-2-en-1-yl)-2-(prop-2-yn-1-yl)malonate (30 mg, 0.126 mmol) 
and the corresponding gold (I) catalyst (0.05 equiv) according to 
general procedure (A), and obtained after purification by column 
chromatography on silica gel (eluent: 10:1 cyclohexane:AcOEt) as a 
colorless oil. (Isolated yield with catalyst B, 98%, 29.3 mg, 0.123 mmol) 
1H NMR (400 MHz, CDCl3) δ 5.73 (bs, 1H), 5.39 (bs, 1H), 3.74 (s, 6H), 3.22-3.16 (m, 
2H), 3.05 (bs, 2H), 1.82 (s, 3H), 1.78 (s, 3H). 13C NMR (126 MHz, CDCl3) δ 172.78 
(2xC), 138.90, 135.81, 124.57, 120.79, 59.50, 52.97 (2xC), 43.44, 40.45, 27.41, 19.99. 
GC-MS-EI: calculated for C13H18O4 [M]·+: 238.1; found = 238.1. 
 
Dimethyl 3-(2-methylprop-1-en-1-yl)cyclopent-2-ene-1,1-dicarboxylate (12b) 
The title compound was prepared starting from dimethyl 2-(3-
methylbut-2-en-1-yl)-2-(prop-2-yn-1-yl)malonate and the 
corresponding gold (I) catalyst (0.05 equiv) according to general 
procedure (A), stirring the reaction for longer times (ca. 17 h) and 
obtained after purification by column chromatography on silica gel (eluent: 10:1 
cyclohexane:AcOEt) as an inseparable mixture with dimethyl 3-(2-methylprop-1-en-1-
yl)cyclopent-3-ene-1,1-dicarboxylate; colorless oil.  
1H NMR (500 MHz, CDCl3) δ 5.80 (bs, 1H), 5.59 (bs, 1H), 3.72 (s, 6H), 2.70-2.62 (m, 
2H), 2.51-2.44 (m, 2H), 1.84 (s, 3H), 1.80 (s, 3H). 13C NMR (126 MHz, CDCl3) δ 
172.14 (2xC), 146.26, 138.16, 124.99, 120.82, 66.12, 52.79 (2xC), 34.91, 32.27, 27.54, 
20.05. GC-MS-EI: calculated for C13H18O4 [M]·+: 238.1; found = 238.1. 
 
7-Ethynylcyclohepta-1,3,5-triene (13) 
The title compound was prepared by reaction between ethynyl magnesium 
bromide and tropylium tetrafluoroborate, according to the procedure below, 
and obtained as a colorless oil (439.6 mg, 3.780 mmol, 67%). An oven-dried 
two-neck round-bottom flask under argon atmosphere was charged with 
previously dried LiCl (0.524 g, 12.360 mmol, 2.2 equiv). Dry THF (33 mL, 
0.17 M) was added and the resulting suspension was cooled to -78 ºC before adding a 
solution of ethynyl magnesium bromide (0.5 M in THF, 22.48 mL, 12.240 mmol, 2 equiv) 
and stirring for 10 min at this temperature. Solid tropylium tetrafluoroborate (1.000 g, 
5.620 mmol, 1 equiv) was added and the mixture was stirred at this temperature for 10 
min. Then the cooling bath was removed, and the mixture stirred at room temperature for 
6 h. The reaction was quenched with a saturated aqueous solution of NH4Cl, then 
extracted with Et2O (x3). The combined organic extracts were dried over MgSO4 and the 
solvent was removed under reduced pressure (rotary evaporator bath at 19 ºC, ≥ 100 
mbar). The crude residue was purified by column chromatography on silica gel eluting 
with pentane. 
1H NMR (400 MHz, CDCl3) δ 6.66 (dd, J = 3.6, 2.7 Hz, 2H), 6.23-6.15 (m, 2H), 5.38-
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δ 131.16 (2xC), 125.10 (2xC), 122.95 (2xC), 85.76, 68.52, 31.51. HRMS-APCI: 
calculated for C9H9 [M+H]+: 117.0699; found = 117.0703.  
 
1 H-Indene (14) 
The title compound was prepared starting from 7-ethynylcyclohepta-1,3,5-
triene (30 mg, 0.258 mmol) and the corresponding gold (I) catalyst (0.05 
equiv) according to general procedure (A), and obtained as a colorless oil after 
purification by column chromatography on silica gel (eluent: pentane) (isolated yields, 
catalyst A: 22 mg, 0.189 mmol, 73%; catalyst B, 23 mg, 0.198 mmol, 77%). 
1H NMR (400 MHz, CDCl3) δ 7.53-7.45 (m, 1H), 7.42 (dt, J = 7.5, 1.0 Hz, 1H), 7.31-
7.26 (m, 1H), 7.20 (td, J = 7.4, 1.2 Hz, 1H), 6.90 (dtd, J = 5.5, 1.9, 0.7 Hz, 1H), 6.57 (dt, 
J = 5.5, 2.0 Hz, 1H), 3.44-3.39 (m, 2H). 13C NMR (101 MHz, CDCl3) δ 144.97, 143.81, 
134.29, 132.20, 126.36, 124.67, 123.84, 121.09, 39.21. GC-MS-EI: calculated for C9H8 
[M]·+: 116.1; found = 116.1. 
 
Ethyl 5-methylhexa-3,4-dienoate 
The title compound was synthesized according to a literature procedure.222 
1H NMR (300 MHz, CDCl3) δ 5.15-5.00 (m, 1H), 4.14 (q, J = 7.1 Hz, 2H), 
2.97 (d, J = 7.2 Hz, 2H), 1.69 (s, 3H), 1.68 (s, 3H), 1.26 (t, J = 7.1 Hz, 3H). 
13C NMR (126 MHz, CDCl3) δ 203.09, 172.11, 
96.49, 82.12, 60.73, 35.48, 20.55 (2xC), 14.36. 
GC-MS-EI: calculated for C9H14O2 [M]·+: 154.1; 
found = 154.1. 
 
5-Methylhexa-3,4-dien-1-ol 
The title compound was prepared by reaction between ethyl 5-methylhexa-3,4-
dienoate (600.0 mg, 3.89 mmol) and LiAlH4, according to the procedure below, 
and obtained as a colorless oil (417.4 mg, 3.72 mmol, 96%). In a 100 mL 
Schlenk flask under argon, LiAlH4 (295 mg, 7.78 mmol, 2 equiv) was placed 
and suspended in anhydrous Et2O (30 mL). It was cooled at 0 ºC, then a solution of ethyl 
5-methylhexa-3,4-dienoate (600.0 mg, 3.89 mmol, 1 equiv) in 9 mL anhydrous Et2O was 
added dropwise and the reaction mixture was stirred at this temperature for 1.5 h. The 
reaction was quenched with MeOH, then with a saturated aqueous solution of potassium 
sodium tartrate and extracted (x3) with Et2O. The combined organic extracts were 
washed with the same saturated solution (x3), with brine (x1) and dried over MgSO4. 
The solvent was removed under reduced pressure (rotary evaporator bath at 19 ºC, ≥ 100 
mbar). The crude residue was purified by column chromatography on silica gel (eluent: 
9:1 pentane:diethyl ether). 
1H NMR (300 MHz, CDCl3) δ 5.10-4.80 (m, 1H), 3.68 (q, J = 6.0 Hz, 2H), 2.22 (q, J= 
6.3 Hz, 2H), 1.70 (s, 3H), 1.69 (s, 3H), 1.56-1.51 (m, 1H). 13C NMR (75 MHz, CDCl3) δ 
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202.67, 95.74, 85.13, 62.20, 32.60, 20.75 (2xC). GC-MS-EI: calculated for C7H12O 
[M]·+: 112.1; found =112.1. 
 
7-Methoxylocta-5,6-dien-1-yn-3-ol 
The title compound was prepared via a two-step procedure starting from 5-
methylhexa-3,4-dien-1-ol (562.2 mg, 5.01 mmol) according to the procedure 
below, and obtained as a colorless oil (118.0 mg, 0.87 mmol, 32%). 5-
methylhexa-3,4-dien-1-ol (562.2 
mg, 5.01 mmol, 1 equiv) was 
dissolved in CH2Cl2 (69 mL) 
and cooled to 0 ºC whereupon 
addition of solid Dess-Martin 
periodinane (2551.0 mg, 6.01 mmol, 1.2 equiv). The reaction mixture was stirred at 25 
ºC for 1.5 h. It was quenched with water and extracted (x4) with Et2O. The combined 
organic extracts were washed with a NaHCO3 saturated solution (x1), brine (x1), dried 
over Na2SO4 and the solvent removed under reduced pressure (rotary evaporator bath at 
19 ºC, ≥ 100 mbar). The crude was filtered through a silica pad and used directly without 
further purification. To a solution of the aldehyde (298.4 mg, 2.71 mmol, 1 equiv) in 
anhydrous THF (0.5 M in aldehyde) at 0 ºC was added a solution of ethynyl magnesium 
bromide (0.5 M in THF, 8.13 mL, 4.06 mmol, 1.5 equiv) dropwise and the resulting 
solution was stirred at 0 ºC for 15 min and warmed to 25 ºC for 1.5 h. The reaction was 
quenched with a saturated aqueous solution of NH4Cl and extracted (x4) with Et2O. The 
combined organic extracts were washed with brine (x1), dried over Na2SO4 and the 
solvent removed under reduced pressure (rotary evaporator bath at 19 ºC, ≥ 100 mbar). 
The crude product was purified by column chromatography on silica gel (eluent: 9:1 
pentane:diethyl ether). 
1H NMR (400 MHz, CDCl3) δ 5.07-4.91 (m, 1H), 4.44 (qd, J = 6.1, 2.1 Hz, 1H), 2.47 (d, 
J = 2.1 Hz, 1H), 2.43-2.34 (m, 2H), 2.01 (d, J = 6.2 Hz, 1H), 1.71 (s, 3H), 1.70 (s, 3H). 
13C NMR (75 MHz, CDCl3) δ 203.64, 96.03, 84.48, 83.28, 73.10, 61.98, 37.87, 20.72 
(2xC). HRMS-APCI: calculated for C9H13O [M+H]+: 137.0961; found = 137.0961. 
 
3-Methoxy-7-methylocta-5,6-dien-1-yne 
The title compound was prepared from 7-methoxylocta-5,6-dien-1-yn-3-ol 
(70 mg, 0.514 mmol) according to the procedure below, and obtained as a 
pale yellow oil (37 mg, 0.25 mmol, 48%). 7-methoxylocta-5,6-dien-1-yn-3-ol 
(70 mg, 0.514 mmol, 1 equiv) dissolved in THF (4.4 mL) was added 
dropwise to a suspension of NaH (60 wt%, 30.8 
mg, 0.771 mmol, 1.5 equiv) in DMF (0.7 mL) at 
0 ºC under argon. The resulting mixture was 
stirred at 0 ºC for 45 min whereupon addition of 
iodomethane (109 mg, 0.771 mmol, 1.5 equiv). 
The reaction mixture was stirred 4 h at 25 ºC. The reaction was quenched with water and 
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dried over MgSO4 and the solvent removed under reduced pressure. The crude product 
was purified by column chromatography on silica gel (eluent: 30:1 pentane:diethyl ether). 
1H NMR (500 MHz, CDCl3) δ 5.03-4.93 (m, 1H), 3.99 (td, J = 6.6, 2.1 Hz, 1H), 3.42 (s, 
3H), 2.45 (d, J = 2.0 Hz, 1H), 2.42-2.30 (m, 2H), 1.69 (s, 3 H), 1.69 (s, 3H). 13C NMR 
(126 MHz, CDCl3) δ 203.16, 95.66, 83.93, 82.58, 73.99, 71.11, 56.59, 35.85, 20.69 
(2xC). HRMS-APCI: calculated for C10H15O [M+H]+: 151.1117; found = 151.1110. 
 
1-Bromo-3-methylbuta-1,2-diene 
The title compound was synthesized 
according to a literature procedure223 
and obtained as a colorless oil (2.9 g, 
19.72 mmol, 55%). To a round-bottom 
flask charged with copper (I) bromide (1.0 g, 7.13 mmol, 0.2 equiv), copper metal 
powder (113.0 mg, 1.783 mmol, 0.05 equiv) and HBr (48%, 8 mL) was added dropwise 
over 30 min a solution of 2-methyl-3-buyn-2-ol (3.0 g, 35.7 mmol, 1 equiv) in pentane (9 
mL). The flask was fitted with a condenser and the reaction was stirred 3 h at 40 ºC. The 
biphasic mixture was then cooled to room temperature, diluted with pentane and 
transferred to a separatory funnel. The organic layer was collected and the aqueous layer 
was extracted with pentane (x3). The combined organic phases were washed with water 
(x3), 5% solution of NaHCO3 (x2) and dried over MgSO4. The solvent was removed 
under reduced pressure (rotary evaporator bath at 19 ºC, ≥ 100 mbar). The crude product 
was purified by column chromatography on silica gel (eluent: pentane).  
1H NMR (400 MHz, CDCl3) δ 5.83 (hept, J = 2.1 Hz, 1H), 1.84 (s, 3H), 1.84 (s, 3H). 13C 
NMR (101 MHz, CDCl3) δ 199.84, 107.33, 70.03, 20.54 (2xC). GC-MS-EI: calculated 
for C5H7Br [M]·+: 146.0; found = 146.0. 
 
Dimethyl 2-(3-Methylbuta-1,2-dien-1-yl)-2-(prop-2-yn-1-yl)malonate 
The title compound was synthesized according to a literature 
procedure224 and obtained as a pale yellow oil (173 mg, 0.732 mmol, 
19%). Dimethyl propargyl malonate (640 mg, 3.76 mmol, 1 equiv) 
dissolved in anhydrous THF (1 mL) was 
added dropwise to a suspension of NaH (60 
wt%, 196.0 mg, 4.89 mmol, 1.3 equiv) in 
THF (7 mL) at 0 ºC under argon. The 
resulting mixture was stirred at 25 ºC for 20 
min whereupon addition of 1-bromo-3-
methylbuta-1,2-diene (1.1 g, 7.52 mmol, 2 equiv). The reaction mixture was refluxed (67 
ºC) for 20 h. The reaction was cooled to room temperature, diluted with diethyl ether, 
quenched with water and extracted (x4) with Et2O, then dried over MgSO4 and the 
																																								 																				
223. A. K. A. Persson, E. V. Johnston, J. E. Bäckvall, Org. Lett. 2009, 11, 3814-3817. 
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solvent removed under reduced pressure. The crude product was purified by column 
chromatography on silica gel (eluent: 30:1 pentane:diethyl ether). 
1H NMR (500 MHz, CDCl3) δ 5.57 (hept, J = 2.9 Hz, 1H), 3.76 (s, 6 H), 2.89 (d, J = 2.7 
Hz, 2H), 1.98 (t, J = 2.7 H, 1H), 1.73 (s, 3H), 1. 72 (s, 3H). 13C NMR (75 MHz, CDCl3) 
δ 201.83, 169.87 (2xC), 101.03, 87.75, 79.63, 70.75, 57.76, 53.10 (2xC), 24.49, 20.10 
(2xC). GC-MS-EI: calculated for C13H16O4 [M]·+: 236.1; found = 236.1. 
Experimental Procedures and Characterization of Gold Acetylides 
and Digold Complexes 
[(1,3-Bis(2,6-diisopropylphenyl)imidazol-2-ylidene)(4,4-bis(methoxycarbonyl)-7-
methyloct-6-en-1-yn-1-yl)]gold (15) 
The title compound 
was prepared 
according to the 
procedure below, 
and obtained as a 
beige solid (55.7 mg, 
0.068 mmol, 84%). 
An oven-dried 
Schlenk or vial 
under argon atmosphere was charged with dimethyl 2-(3-methylbut-2-en-1-yl)-2-(prop-
2-yn-1-yl)malonate (28.8 mg, 0.121 mmol, 1.5 equiv) in anhydrous THF (0.8 mL) the 
resulting solution was cooled to -50 ºC before adding nBuLi (2.5 M in hexanes, 0.058 
mL, 0.145 mmol, 1.8 equiv) dissolved in 0.2 mL anhydrous THF and stirring for 30 min 
at this temperature. Chloro[1,3-bis(2,6-diisopropylphenyl)imidazol-2-ylidene]gold(I) (50 
mg, 0.081 mmol, 1 equiv) was dissolved in anhydrous THF (2.2 mL) under argon and 
added to the reaction mixture. The cooling bath was maintained for 15 min and then the 
mixture was stirred at 25 ºC for 10 h. The crude was concentrated, dissolved in CH2Cl2 
and filtered through cotton and Teflon filter 0.22 µm. The solvent was removed and the 
resulting solid was washed with pentane. 
1H NMR (400 MHz, CDCl3) δ 7.46 (t, J = 7.8 Hz, 2H), 7.26 (d, J = 7.8 Hz, 4H), 7.10 (s, 
2H), 4.87-4.77 (m, 1H), 3.56 (s, 6H), 2.71 (s, 2H), 2.68 (d, J = 7.7 Hz, 2H), 2.56 (hept, J 
= 6.8 Hz, 4H), 1.60 (s, 3H), 1.49 (s, 3H), 1.34 (d, J = 6.9 Hz, 12H), 1.20 (d, J = 6.9 Hz, 
12H). 13C NMR (101 MHz, CDCl3) δ 191.70 (C carbene), 171.44 (2xC, COOMe), 
145.81 (4xC, CquatAriPr), 135.83 (Cquat enyne), 134.44 (2xC, CquatArN), 130.44 (2xC, 
CHArpara), 124.17 (4xC, CHArmeta), 123.07 (2xC, CH imidazole), 119.81, 118.29 (CH 
enyne), 98.42, 58.47 (Cquat enyne), 52.3 (2xC, COOCH3), 30.87 (CH2 enyne), 28.92 
(4xC), 26.17 (CH3 enyne), 24.61 (4xC), 24.47 (CH2 enyne), 24.16 (4xC), 18.14 (CH3 
enyne). IR (neat) 2961, 2927, 2868, 1734, 1458, 1287, 1222, 1180, 1058, 803, 729 cm-1. 
HRMS-ESI: calculated for C40H54AuN2O4 [M+H]+: 823.3744; found = 823.3741. M.p.: 
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43%). To a 
solution of 
[(1,3-bis(2,6-diisopropylphenyl)imidazol-2-ylidene)(4,4-bis(methoxycarbonyl)-7-
methyloct-6-en-1-yn-1-yl)]gold (18 mg, 0.022 mmol, 1 equiv) in CH2Cl2 (1.2 mL) was 
added acetonitrile[1,3-bis(2,6-diisopropylphenyl)imidazol-2-ylidene]gold(I) 
hexafluoroantimonate (18.86 mg, 0.022 mmol, 1 equiv) solid and the mixture was stirred 
at 25 ºC for 1 h. The crude was concentrated, de resulting solid redissolved in CH2Cl2, 
then filtered through Celite, through Teflon filter 0.22 µm and concentrated. The solid 
was washed with pentane. 
1H NMR (500 MHz, CDCl3) δ 7.50 (t, J = 7.8 Hz, 4H), 7.26 (s, 4H), 7.24 (d, J = 4.3 Hz, 
8H), 4.54 (t, J = 8.0 Hz, 1H), 3.44 (s, 6H), 2.42 (hept, J = 6.8 Hz, 8H), 2.28 (s, 2H), 2.26 
(d, J = 7.8 Hz, 2H), 1.60 (s, 3H), 1.55 (s, 3H), 1.19 (d, J = 6.9 Hz, 24H), 1.09 (d, J = 6.9 
Hz, 24H). 13C NMR (101 MHz, CDCl3) δ 182.53 (2xC, C carbene), 169.38 (2xC, 
COOMe), 145.61 (8xC, CquatAriPr), 136.79 (Cquat enyne), 133.71 (4xC, CquatArN), 
130.92 (4xC, CHArpara), 124.33 (8xC, CHArmeta), 124.29 (4xC, CH imidazole), 120.88, 
116.92 (CH enyne), 107.64, 57.75 (Cquat enyne), 52.61 (2xC, COOCH3), 30.25 (CH2 
enyne), 28.80 (8xC), 26.13 (CH3 enyne), 25.64 (8xC), 24.71 (CH2 enyne), 23.94 (8xC), 
17.97 (CH3 enyne). IR (neat) 3170, 2962, 2928, 2870, 1739, 1459, 1385, 1365, 1224, 
1178, 804, 756, 655 cm-1. HRMS-ESI: calculated for C67H89Au2N4O4 [M-SbF6]+: 
1407.6210; found = 1407.6199. M.p. = 174-184 ºC decomposition. Structure confirmed 
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95%). To a solution of [(1,3-bis(2,6-diisopropylphenyl)imidazol-2-ylidene)(4,4-
bis(methoxycarbonyl)-7-methyloct-6-en-1-yn-1-yl)]gold (10 mg, 0.012 mmol, 1 equiv) 
in CH2Cl2 (1.2 mL) was added benzonitrile[1,3-bis(2,6-diisopropylphenyl)imidazol-2-
ylidene]gold(I) tetrakis[3,5-bis(trifluoromethyl)phenyl]borate (18.86 mg, 0.012 mmol, 1 
equiv) solid and the mixture was stirred at 25 ºC for 1 h. The crude was concentrated, de 
resulting oil diluted in CH2Cl2, then filtered through Celite, through Teflon filter 0.22 µm 
and concentrated to afford a solid that was washed with pentane. 
1H NMR (300 MHz, CDCl3) δ 7.76-7.68 (m, 8H), 7.54 (s, 4H), 7.51 (t, J = 7.8 Hz, 4H), 
7.26 (d, J = 8.2 Hz, 8H), 7.17 (s, 4H), 4.55 (t, J = 7.4 Hz, 1H), 3.46 (s, 6H), 2.41 (hept, J 
= 7.1 Hz, 8H), 2.27 (d, J = 3.3 Hz, 2H), 2.28 (s, 2H), 1.61 (s, 3H), 1.53 (s, 3H), 1.18 (d, J 
= 6.9 Hz, 24H), 1.10 (d, J = 6.9 Hz, 24H). 13C NMR (101 MHz, CDCl3) δ 183.00 (2xC, 
C carbene), 169.33 (2xC, COOMe), 161.84 (q, J (13C-11B) = 50.72 Hz, (4xC, Cquat)) 
145.55 (8xC, CquatAriPr), 136.88 (Cquat enyne), 134.96 (8xC, CHArortho BArF), 133.56 
(4xC, CquatArN), 131.08 (4xC, CHArpara), 128.90 (qdd, J (13C-19F) = 31.0, 5.4, 2.8 Hz 
(8xC, Cquat)), 124.72 (q, J (13C-19F) = 272.5 Hz (8xC, Cquat)), 124.42 (8xC, CHArmeta), 
123.93 (4xC, CH imidazole), 120.65 (overlapped with quat, Cquat BArF), 117.57 (dt, J 
(13C-19F) = 7.0, 3.2 Hz (4xC, CHArpara BArF)), 116.85 (CH enyne), 108.04, 57.73 (Cquat 
enyne), 52.61 (2xC, COOCH3), 30.24 (CH2 enyne), 28.86 (8xC), 26.11 (CH3 enyne), 
25.63 (CH2 enyne) 24.67 (8xC), 23.87 (8xC), 17.96 (CH3 enyne). 19F{1H} NMR (376 
MHz, CDCl3) δ -62.16. 11B{1H} NMR (160 MHz, CDCl3) δ -6.68. IR (neat) 2966, 
2929, 1731, 1469, 1354, 1277, 1121, 886, 803, 757, 681 cm-1. HRMS-ESI: calculated 
for C67H89Au2N4O4 [M-C32H12BF24]+: 1407.6210; found = 1407.6230. M.p. = 112-133 ºC 
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The title compound was 
prepared according to the 
procedure below, and 
obtained as a beige solid 
(42.2 mg, 0.057 mmol, 
75%). An oven-dried 
Schlenk or vial under 
argon atmosphere was 
charged with 7-ethynylcyclohepta-1,3,5-triene (17.68 mg, 0.152 mmol, 2 equiv) in 
anhydrous THF (0.8 mL) the resulting solution was cooled to -50 ºC before adding 
nBuLi (2.5 M in hexanes, 0.067 mL, 0.167 mmol, 2.2 equiv) dissolved in 0.2 mL 
anhydrous THF and stirring for 30 min at this temperature. Chloro[(2',4',6'-triisopropyl-
1,1'-biphenyl-2-yl)di-tert-butylphosphine]gold(I) (50 mg, 0.076 mmol, 1 equiv) was 
dissolved in anhydrous THF (2 mL) under argon and added to the reaction mixture. The 
cooling bath was maintained for 15 min and then the mixture was stirred at 25 ºC for 10 
h. The crude was concentrated, dissolved in CH2Cl2 and filtered through cotton and 
Teflon filter 0.22 µm. The solvent was removed and the resulting solid was washed with 
pentane. 
1H NMR (500 MHz, CDCl3) δ 7.88 (td, J = 7.4, 1.6 Hz, 1H), 7.50-7.40 (m, 2H), 7.32-
7.26 (m, 1H), 7.10 (s, 2H), 6.59 (t, J = 3.1 Hz, 2H), 6.12-6.04 (m, 2H), 5.39 (dd, J = 9.1 
5.4 Hz, 2H), 2.97 (hept, J = 7.0 Hz, 1H), 2.44-2.37 (m, 1H), 2.39-2.32 (m, 2H), 1.42 (d, J 
= 14.7 Hz, 18H), 1.34 (d, J = 6.8 Hz, 6H), 1.32 (d, J = 6.9 Hz, 6H), 0.92 (d, J = 6.6 Hz, 
6H). 13C NMR (126 MHz, CDCl3) δ 149.39 (CquatAr), 148.66 (d, J (13C-31P) = 15.7 Hz 
(CquatAr-P), 145.68 (3xC, CquatAriPr), 135.85 (d, J (13C-31P) = 4.9 Hz (CquatAr)), 
135.46 (d, J (13C-31P) = 1.4 Hz (CHAr)), 134.84 (d, J (13C-31P) = 7.8 Hz (CHAr)), 130.64 
(2xC, CHT), 130.02-129.61 (m, CHAr), 126.93 (2xC, CHT), 126.24 (d, J (13C-31P) = 5.9 
Hz (CHAr)), 123.24 (2xC, CHT), 122.66 (Cquat), 121.97 (2xC, CHArorthoiPr), 121.60 
(Cquat), 102.88 (d, J (13C-31P) = 24.1 Hz (CquattBu)), 38.17 (d, J (13C-31P) = 22.8 Hz 
(CquattBu)), 34.03 (CHiPr), 33.42 (d, J (13C-31P) = 2.3 Hz (CH CHT), 31.58 (d, J (13C-
31P) = 6.8 Hz (6xC, CH3tBu), 31.03 (2xC, CHiPr), 26.47 (2xC, CH3iPr), 24.35 (2xC, 
CH3iPr), 23.15 (2xC, CH3iPr). 31P{1H} NMR (126 MHz, CDCl3) δ 67.23. IR (neat) 
2960, 2866, 1461, 1367, 1265, 1167, 772, 745, 707 cm-1. HRMS-ESI: calculated for 
C38H52AuNaP [M+Na]+: 759.3365; found = 759.3393. Anal. calcd. For C38H52AuP: C, 
61.95; H, 7.11; found: C, 62.23; H, 6.85. M.p. = 190-197 ºC decomposition.  Structure 
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butylphosphine]gold tetrakis[3,5-bis(trifluoromethyl)phenyl] borate (18) 
The title compound 
was prepared 
according to the 
procedure below, 
and obtained as a 
beige solid (85 mg, 
0.038 mmol, 71%). 





butylphosphine](2- cyclohepta-2,4,6-trien-1-ylethynyl)gold (39.9 mg, 0.054 mmol, 1 
equiv) in CH2Cl2 (5.4 mL) was added (acetonitrile)[(2',4',6'-triisopropyl-1,1'-biphenyl-2-
yl)di-tert-butylphosphine]gold(I) tetrakis[3,5-bis(trifluoromethyl)phenyl]borate (83 mg, 
0.054 mmol, 1 equiv) solid and the mixture was stirred for 1 h at 25 ºC. The crude was 
concentrated, the resulting solid redissolved in CH2Cl2, then filtered through Celite, 
through Teflon filter 0.22 µm and concentrated. The solid was washed with pentane. 
1H NMR (400 MHz, CDCl3) δ 7.84 (td, J = 7.7, 1.9 Hz, 2H), 7.73-7.71 (m, 8H), 7.52 (s, 
4H), 7.51-7.46 (m, 4H), 7.22 (ddd, J = 7.1, 4.7, 2.0 Hz, 2H), 6.90 (s, 4H), 6.71 (t, J = 3.1 
Hz, 2H), 6.27-6.17 (m, 2H), 5.13 (dd, J = 9.0, 5.4 Hz, 2H), 2.74 (hept, J = 6.6 Hz, 2H), 
2.45-2.36 (m, 1H), 2.30 (hept, J = 6.6 Hz, 4H), 1.39 (d, J = 15.6 Hz, 36H), 1.20 (d,  J = 
6.9 Hz, 12H), 1.17 (d, J = 6.8 Hz, 12H), 0.87 (d, J = 6.6 Hz, 12H). 13C NMR (101 MHz, 
CDCl3) δ 161.87 (q, J (13C-11B) = 50.5 Hz (4xC, Cquat)), 149.55 (2xC, CquatAr), 147.57 
(d, J (13C-31P) = 14.3 Hz (2xC, CquatAr-P), 146.64 (6xC, CquatAriPr), 135.75 (d, J (13C-
31P) = 5.5 Hz (2xC, CquatAr)), 134.97 (2xC, CHAr), 134.96 (8xC, CHArortho BArF), 
134.95 (2xC, CHAr), 131.51 (2xC, CHT), 131.06 (2xC, CHAr), 129.67-128.32 (m, 8xC, 
CquatAr), 127.17 (d, J (13C-31P) = 6.2 Hz (2xC, CHAr)), 126.78 (Cquat), 125.39 (2xC, 
CHT), 124.71 (q, J (13C-19F) = 272.6 Hz (8xC, Cquat)), 122.65 (2xC, CHT), 122.04 
(Cquat), 121.77 (4xC, CHArorthoiPr), 117.72-117.44 (m, 4xC, CHArpara BArF), 38.94 (d, 
J (13C-31P) = 24.7 Hz (4xC, CquattBu)), 34.57 (CH-CHT), 33.58 (2xC, CHiPr), 31.49 (d, 
J (13C-31P) = 6.7 Hz (12xC, CH3tBu), 30.93 (4xC, CHiPr), 26.15 (4xC, CH3iPr), 24.16 
(4xC, CH3iPr), 23.62 (4xC, CH3iPr). 31P{1H} NMR (202 MHz, CDCl3) δ 64.71. 19F{1H} 
NMR (376 MHz, CDCl3) δ -62.52. 11B{1H} NMR (160 MHz, CDCl3) δ -6.67. IR (neat) 
2960, 2866, 1461, 1367, 1265, 1167, 772, 745, 707 cm-1. HRMS-ESI: calculated for 
C67H97Au2P2 [M-C32H12BF24]+: 1357.6391; found = 1357.6408. Anal. calcd. For 
C99H109Au2BF24P2: C, 53.52; H, 4.95; found: C, 53.10; H, 4.90. M.p. = 203-205 ºC. 
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The title compound was 
prepared according to the 
procedure below, and 
obtained as a beige solid 
(51.0 mg, 0.073 mmol, 
85%). An oven-dried 
Schlenk or vial under argon 
atmosphere was charged 
with 7-ethynylcyclohepta-
1,3,5-triene (19.83 mg, 
0.171 mmol, 2 equiv) in anhydrous THF (0.8 mL) the resulting solution was cooled to 
-50 ºC before adding nBuLi (2.5 M in hexanes, 0.075 mL, 0.188 mmol, 2.2 equiv) 
dissolved in 0.2 mL anhydrous THF and stirring for 30 min at this temperature. 
Chloro[1,3-bis(2,6-diisopropylphenyl)imidazol-2-ylidene]gold(I) (53 mg, 0.085 mmol, 1 
equiv) was dissolved in anhydrous THF (2.4 mL) under argon and added to the reaction 
mixture. The cooling bath was maintained for 15 min and then the mixture was stirred at 
25 ºC for 10 h. The crude was concentrated, dissolved in CH2Cl2 and filtered through 
cotton and Teflon filter 0.22 µm. The solvent was removed and the resulting solid was 
washed with pentane. 
1H NMR (500 MHz, CDCl3) δ 7.48 (t, J = 7.8 Hz, 2H), 7.28 (d, J = 7.8 Hz, 4H), 7.10 (s, 
2H), 6.51 (t, J = 3.1 Hz, 2H), 6.02-5.96 (m, 2H), 5.28 (dd, J = 9.1, 5.4 Hz, 2H), 2.61 
(hept, J = 6.8 Hz, 4H), 2.44-2.38 (m, 1H), 1.37 (d, J = 6.9 Hz, 12 H), 1.20 (d, J = 6.9 Hz, 
12H). 13C NMR (126 MHz, CDCl3) δ 191.46 (C carbene), 145.76 (4xC, CquatAriPr), 
134.55 (2xC, CquatArN), 130.59 (2xC, CHArpara), 130.56 (2xC, CHT), 126.46 (2xC, 
CHT), 124.30 (4xC, CHArmeta), 123.28 (2xC, CHT) overlapped with (2xC, CH 
imidazole), 116.09, 105.44, 33.26 (CH, CHT), 28.95 (4xC), 24.74 (4xC), 24.19 (4xC). 
IR (neat) 3155, 2961, 2926, 2867, 1468, 1413, 1385, 1270, 805, 748, 706 cm-1. HRMS-
ESI: calculated for C36H44AuN2 [M+H]+: 701.3165; found = 701.3159. M.p. = 169-177 
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The title compound was 
prepared according to the 
procedure below, and obtained 
as a beige solid (94 mg, 0.073 




1-ylethynyl]gold (51 mg, 0.073 
mmol, 1 equiv) in CH2Cl2 (7.2 
mL) was added acetonitrile[1,3-
bis(2,6-
diisopropylphenyl)imidazol-2-
ylidene]gold(I) hexafluoroantimonate (62.8 mg, 0.073 mmol, 1 equiv) solid and the 
mixture was stirred for 1 h at 25 ºC. The crude was concentrated, the resulting solid 
redissolved in CH2Cl2, then filtered through Celite, through Teflon filter 0.22 µm and 
concentrated. The solid was washed with pentane. 
1H NMR (400 MHz, CDCl3) δ 7.49 (t, J = 7.8 Hz, 4H), 7.24 (s, 8H), 7.23 (s, 4H), 6.46 (t, 
J = 3.1 Hz, 2H), 5.95-5.86 (m, 2H), 4.53 (dd, J = 9.1, 5.6 Hz, 2H), 2.44 (hept, J = 6.7 Hz, 
8H), 2.26 (tt, J = 5.7, 1.2 Hz, 1H), 1.18 (d, J = 6.9 Hz, 24H), 1.07 (d, J = 6.9 Hz, 24H). 
13C NMR (126 MHz, CDCl3) δ 183.07 (2xC, C carbene), 145.65 (8xC, CquatAriPr), 
133.78 (4xC, CquatArN), 130.96 (2xC, CHT), 130.89 (4xC, CHArpara), 124.94 (2xC, 
CHT), 124.34 (8xC, CHArmeta), 124.28 (4xC, CH imidazole), 122.31 (2xC, CHT), 
119.78, 115.11, 33.70 (CH, CHT), 28.83 (8xC), 24.71 (8xC), 24.05 (8xC). IR (neat) 
3171, 2961, 2927, 2870, 1555, 1459, 1418, 1386, 1329, 1215, 1060, 804, 758, 705, 655 
cm-1. HRMS-ESI: calculated for C63H79Au2N4 [M-SbF6]+: 1285.5631; found = 
1285.5613. Anal. calcd. For C63H79Au2F6N4Sb: C, 49.72; H, 5.23; N, 3.68; found: C, 
50.05; H, 5.22; N, 3.69. M.p. = 170-176 ºC decomposition. Structure confirmed by X-
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bis(trifluoromethyl)phenyl] borate (20b) 
The title compound 
was prepared 
according to the 
procedure below, and 
obtained as a beige 





(8.86 mg, 0.014 mmol, 1 equiv) and [(1,3-bis(2,6-diisopropylphenyl)imidazol-2-
ylidene)cyclohepta-2,4,6-trien-1-ylethynyl]gold (10 mg, 0.014 mmol, 1 equiv) were 
dissolved in CH2Cl2 (1.4 mL). Then sodium tetrakis[3,5-
bis(trifluoromethyl)phenyl]borate (12.65 mg, 0.014 mmol, 1 equiv) solid was added and 
the reaction mixture was stirred at 25 ºC for 30 min. The crude was filtered through 
Celite, through Teflon filter 0.22 µm and concentrated. The resulting solid was washed 
with pentane. 
1H NMR (500 MHz, CDCl3) δ 7.73-7.68 (m, 8H), 7.52 (bs, 4H), 7.49 (t, J = 7.8 Hz, 4H), 
7.24 (d, J = 7.8 Hz, 8H), 7.16 (s, 4H), 6.48-6.45 (m, 2H), 5.95-5.86 (m, 2H), 4.53 (dd, J 
= 8.9, 5.6 Hz, 2H), 2.41 (hept, J = 6.8 Hz, 8H), 2.26 (ddd, J = 6.8, 5.6, 1.8 Hz, 1H), 1.16 
(d, J = 6.9 Hz, 24H), 1.08 (d, J = 6.9 Hz, 24H). 13C NMR (126 MHz, CDCl3) δ 183.51 
(2xC, C carbene), 161.83 (q, J (13C-11B) = 50.5 Hz (4xC, Cquat)), 145.57 (8xC, 
CquatAriPr), 134.96 (8xC, CHArortho BArF), 133.62 (4xC, CquatArN), 131.04 (4xC, 
CHArpara), 130.99 (2xC, CHT), 128.98 (dddd, J (13C-19F) = 34.3, 31.4, 27.1, 4.1 Hz (8xC, 
Cquat)), 124.72 (q, J (13C-19F) = 272.5 Hz (8xC, Cquat)), 125.04 (2xC, CHT), 124.43 
(8xC, CHArmeta), 123.92 (4xC, CH imidazole), 122.08 (2xC, CHT), 119.52, 117.57 (dt, J 
(13C-19F) = 7.5, 3.7 Hz (4xC, CHArpara BArF)), 115.46, 33.70 (CH, CHT), 28.88 (8xC), 
24.67 (8xC), 24.00 (8xC). 19F{1H} NMR (376 MHz, CDCl3) δ -62.55. 11B{1H} NMR 
(160 MHz, CDCl3) δ -6.68. IR (neat) 2964, 2925, 2851, 1461, 1353, 1274, 1119, 886, 
803, 712, 681 cm-1. HRMS-ESI: calculated for C63H79Au2N4 [M-C32H12BF24]+: 
1285.5631; found = 1285.5650. Anal. calcd. For C95H91Au2BF24N4: C, 53.08; H, 4.27; N, 
2.61; found: C, 53.08; H, 4.30; N, 2.63. M.p. = 52-55 ºC. Structure confirmed by X-ray 
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The title compound was 
prepared according to the 
procedure below, and obtained 
as a beige solid (50.0 mg, 0.057 
mmol, 85%). An oven-dried 
Schlenk or vial under argon 
atmosphere was charged with 3-
methoxy-7-methylocta-5,6-dien-
1-yne (18.14 mg, 0.121 mmol, 
1.5 equiv) in anhydrous THF 
(0.8 mL) the resulting solution 
was cooled to -60 ºC before adding nBuLi (2.5 M in hexanes, 0.058 mL, 0.145 mmol, 
1.8 equiv) dissolved in 0.2 mL anhydrous THF and stirring for 30 min at this temperature. 
Chloro[1,3-bis(2,6-diisopropylphenyl)imidazol-2-ylidene]gold(I) (50 mg, 0.081 mmol, 1 
equiv) was dissolved in anhydrous THF (2.2 mL) under argon and added to the reaction 
mixture. The cooling bath was maintained for 15 min and then the mixture was stirred at 
25 ºC for 10 h. The crude was concentrated, dissolved in CH2Cl2 and filtered through 
cotton and Teflon filter 0.22 µm. The solvent was removed and the resulting solid was 
washed with pentane. 
1H NMR (400 MHz, CDCl3) δ 7.48 (t, J = 7.8 Hz, 2H), 7.27 (d, J = 8.2 Hz, 4H), 7.10 (s, 
2H), 5.00-4.88 (m, 1H), 4.00 (t, J = 6.3 Hz, 1H), 3.28 (s, 3H), 2.58 (hept, J = 7.5 Hz, 4H), 
2.23 (t, J = 6.6 Hz, 2H), 1.58 (dd, J = 4.3, 2.9 Hz, 6H), 1.34 (d, J = 6.8 Hz, 12H), 1.20 (d, 
J = 6.9 Hz, 12H). 13C NMR (126 MHz, CDCl3) δ  202.75 (Cquat allene), 191.50 (C 
carbene), 145.75 (4xC, CquatAriPr), 134.50 (2xC, CquatArN), 130.54 (2xC, CHArpara), 
124.28 (4xC, CHArmeta), 123.68 (Cquat alkene), 123.23 (2xC, CH imidazole), 101.14, 
94.51, 85.27 (CH allene), 72.00 (CHOCH3), 55.78 (CHOCH3), 37.05 (CH2 allene), 28.94 
(4xC), 24.63 (4xC), 24.18 (4xC), 20.82 (CH3 enyne), 20.79 (CH3 allene). IR (neat) 3074, 
2961, 2867, 2813, 1465, 1415, 1329, 1081, 803, 759 cm-1. HRMS-ESI: calculated for 
C37H50AuN2O [M+H]+: 735.3583; found = 735.3604. Anal. calcd. For C37H49AuN2O: C, 
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to the procedure 
below, and 
obtained as a mild 
brown solid (63.9 
mg, 0.078 mmol, 
97%). An oven-
dried Schlenk 
under argon atmosphere was charged with diisopropylamine (13.85 mg, 19.18 µL, 0.137 
mmol, 1.7 equiv) and anhydrous THF (0.5 mL) the resulting solution was cooled to -78 
ºC before adding nBuLi (2.5 M in hexanes, 48.3 µL, 0.121 mmol, 1.5 equiv) and stirring 
for 15 min at this temperature. Then the allene (24.7 mg, 0.105 mmol, 1.3 equiv) in 
anhydrous THF (0.8 mL) was added dropwise over 30 min. The mixture was stirred for 
15 min, then iPrAuCl (50 mg, 0.081 mmol, 1 equiv) was dissolved in anhydrous THF 
(1.9 mL) under argon and added to the reaction mixture. It was warmed to 0 ºC and 
stirred 5 h at this temperature. The crude was filtered through cotton and Teflon filter 
0.22 µm. The solvent was removed and the resulting solid was washed with pentane. 
1H NMR (500 MHz, CDCl3) δ 7.46 (t, J = 7.7 Hz, 2H), 7.26 (d, J = 7.9 Hz, 4H), 7.09 (s, 
2H), 5.50-5.42 (m, 1H), 3.57 (s, 6H), 2.85 (s, 2H) 2.61-2.50 (m, 4H) 1.55 (s, 3H), 1.55 (s, 
3H), 1.33 (d, J = 7.0 Hz, 12H), 1.20 (d, J = 6.9 Hz, 12H). 13C NMR (126 MHz, CDCl3) δ 
201.35 (Cquat allene), 191.72 (C carbene), 170.63 (2xC, CO2Me), 145.79 (4xC, 
CquatAriPr), 134.46 (2xC, CquatArN), 130.47 (2xC, CHArpara), 124.19 (4xC, CHArmeta), 
119.51 (Cquat alkene), 123.08 (2xC, CH imidazole), 99.61, 98.22, 88.64 (CH allene), 
59.50 (Cq), 52.50 (2xC, CO2Me), 28.92 (4xC), 26.69 (CH2 allene), 24.65 (4xC), 24.15 
(4xC), 20.21 (2xC, CH3 allene). IR (neat) 3404, 2961, 2928, 2869, 1734, 1614, 1456, 
1254, 1060, 803, 757 cm-1. HRMS-ESI: calculated for C40H52AuN2O4 [M+H]+: 
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bis(trifluoromethyl)phenyl] borate (23) CCDC 1572068 
The title compound was crystallized from the resulting mixture obtained by heating 
digold complex 16b in (CDCl2)2 at 130 ºC or in CDCl3 at 61 ºC for 1 h. For 
characterization of 23 see reference 216. 
                                      
 
[(2',4',6'-Triisopropyl-1,1'-biphenyl-2-yl)di-tert-butylphosphine](3,5-
bis(trifluoromethyl)phenyl)gold (24) CCDC 1572064 
The title compound was crystallized from the resulting mixture obtained by heating 
digold complex 18 in (CDCl2)2 at 130 ºC or in CDCl3 at 61 ºC for 1 h. For 
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bis(trifluoromethyl)phenyl] borate (28) 
The title compound was prepared according to the procedure 
below, and obtained as a white solid (37.7 mg, 0.025 mmol, 
83%). The reaction was carried out under argon atmosphere 
working inside a glovebox. To a solution of chloro[(2',4',6'-
triisopropyl-1,1'-biphenyl-2-yl)di-tert-butylphosphine]gold(I) 
(20 mg, 0.030mmol, 1 equiv) in dry CH2Cl2 (4.05 mL, 0.0075 
M in LAuCl) was added sodium tetrakis[3,5-
bis(trifluoromethyl)phenyl] borate (28.3 mg, 0.032 mmol, 1.05 
equiv) solid and the reaction mixture was stirred for 4.5 h. The 
crude was filtered through Celite, through Teflon 0.22 and concentrated.  
1H NMR (400 MHz, CDCl3) δ 7.91-7.82 (m, 1H), 7.75-7.69 (m, 8H), 7.59 (dt, J = 7.4, 
1.7 Hz, 1H), 7.57 (bs, 4H), 7.55-7.52 (m, 1H), 7.32-7.24 (m, 1H), 7.02 (s, 2H), 2.93 (hept, 
J = 6.9 Hz, 1H), 2.29 (hept, J = 6.7 Hz, 2H), 1.40 (s, 9H), 1.36 (s, 9H), 1.32 (d, J = 6.9 
Hz, 6H), 1.18 (d, J = 6.8 Hz, 6H), 0.90 (d, J = 6.6 Hz, 6H). 13C NMR (126 MHz, CDCl3) 
δ 162.3 (q, J (13C-11B) = 50.2 Hz (4xC, Cquat)), 151.0 (CquatAr), 148.1 (d, J (13C-31P) = 
13.3 Hz (CquatAr-P)), 147.2 (3xC, CquatAriPr), 136.5 (d, J (13C-31P) = 5.9 Hz 
(CquatAr)), 135.7 (d, J (13C-31P) = 8.3 Hz (CHAr)), 135.4 (8xC, CHArortho BArF), 
134.71 (d, J (13C-31P) = 4.0 Hz (CHAr)), 131.8 (d, J (13C-31P) = 2.03 Hz, CHAr), 129.4 
(qdd, J (13C-19F) = 31.4, 5.7, 2.8 Hz (8xC, CquatAr BArF)), 127.8 (d, J (13C-31P) = 7.55 
Hz CHAr), 125.16 (q, J (13C-19F) = 272.3 Hz (8xC, Cquat)), 122.5 (2xC, CHArorthoiPr), 
118.0 (p, J (13C-19F) = 3.9 Hz, (4xC, CHArpara BArF)), 39.2 (d, J (13C-31P) = 26.9 Hz 
(2xC, CquattBu)), 34.8 (CHiPr), 31.6 (d, J (13C-31P) = 6.1 Hz (6xC, CH3tBu), 31.3 (2xC, 
CHiPr), 26.2 (2xC, CH3iPr), 24.7 (2xC, CH3iPr), 23.5 (2xC, CH3iPr). 31P{1H} NMR 
(162 MHz, CDCl3) δ 63.11. 19F{1H} NMR (376 MHz, CDCl3) δ -62.97. 11B{1H} NMR 
(128 MHz, CDCl3) δ -6.68. IR (neat) 3708, 2965, 1610, 1463, 1355, 1275, 1119, 887, 
838, 711, 681, 669 cm-1. HRMS-ESI: calculated for C29H45AuP [M-C32H12BF24]+: 




























UNIVERSITAT ROVIRA I VIRGILI 
GOLD CATALYSIS: FROM FUNDAMENTALS TO THE SYNTHESIS OF BULLVALENES AND NATURALLY 
OCCURRING SESQUITERPENES 
Sofia Ferrer Cabrera 
 
	 278 
Chloro bis {[1,1'-biphenyl-2-yl)di-tert-butylphosphine]gold(I)} tetrakis[3,5-
bis(trifluoromethyl)phenyl] borate (29a) 
The title compound was prepared according to the procedure below, and obtained as a 
white solid. The reaction was carried out under argon atmosphere working inside a 
glovebox. To a solution of chloro[(2',4',6'-triisopropyl-1,1'-biphenyl-2-yl)di-tert-
butylphosphine]gold(I) (20 mg, 0.030mmol, 1 equiv) in dry CH2Cl2 (4.05 mL, 0.0075 M 
in LAuCl) was added sodium tetrakis[3,5-bis(trifluoromethyl)phenyl] borate (28.3 mg, 
0.032 mmol, 1.05 equiv) solid and the reaction mixture was stirred for 4.5 h. The crude 
was filtered through Celite, through Teflon filter 0.22 µm and concentrated. For 
characterization of chloride-bridged gold(I) species similar to 29a but with different 
counterions see reference 23. 
 
 
Chloro bis [(1,1'-biphenyl-2-yl)di-tert-butylphosphine]gold(I)} tetrakis[3,5-
bis(trifluoromethyl)phenyl] borate (29b) 
The title compound was prepared according to the previous procedure for the synthesis 
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butylphosphine]gold(I)} tetrakis[3,5-bis(trifluoromethyl)phenyl] borate (29c) 
The title compound was prepared according to the previous procedure for the synthesis 
of 29a, but employing chloro[(2',4',6'-triisopropyl-1,1'-biphenyl-2-yl)di-cyclohexyl-
phosphine]gold(I) in this case. 
 
 
Theoretical DFT Computations 
Computational Methods 
Calculations were performed by means of the Gaussian 09 suite of programs.135 DFT was 
applied using M06225 and B3LYP136. The SDD basis set and ECP was used to describe 
Au.137 The 6-31G(d) basis set138 was used for all remaining atoms (C, H, N and P). Full 
geometry optimizations were carried out in dichloromethane, through an implicit solvent 
SMD.139 The stationary points were characterized by vibrational analysis. Transition 
states were identified by the presence of one imaginary frequency while minima by a full 
set of real frequencies. The connectivity of the transition states was confirmed by 
relaxing each transition state towards both the reactant and the product. Reported 
energies are potential energies (E) and free energies (G) in solution, computed at 298 K 
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Structures and Energies 
XXIVa 
 
E = -947.658518 Hartrees 




E = -947.648180 Hartrees 




E = -947.672130 Hartrees 




E = -1522.416687 Hartrees 




E = -1522.407096 Hartrees 




E = -1522.431515 Hartrees 




E = -1645.880563 Hartrees 




E = -1645.866076 Hartrees 
G = -1645.164241 Hartrees 
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E = -1645.895359 Hartrees 




E = -947.642063 Hartrees 




E = -947.680722 Hartrees 




E = -1522.400424 Hartrees 





E = -1522.439721 Hartrees 




E = -1645.862104 Hartrees 




E = -1645.902799 Hartrees 




E = -947.213993 Hartrees 
G = -946.958202 Hartrees 
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E = -947.152379 Hartrees 




E = -947.230608 Hartrees 




E = -1521.972675 Hartrees 




E = -1521.911479 Hartrees 





E = -1521.990448 Hartrees 




E = -1645.430245 Hartrees 




E = -1645.368049 Hartrees 




E = -1645.448646 Hartrees 
G = -1644.756535 Hartrees 
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E = -1543.877505 Hartrees 




E = -1543.841247 Hartrees 




E = -1543.842820 Hartrees 




E = -2693.398520 Hartrees 





E = -2693.373288 Hartrees 




E = -2693.373153 Hartrees 




E = -2940.321801 Hartrees 




E = -2940.287795 Hartrees 
G = -2939.055598 Hartrees 
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E = -2940.303866 Hartrees 




E = -1543.840714 Hartrees 




E = -1543.877384 Hartrees 




E = -2693.367916 Hartrees 





E = -2693.406748 Hartrees 




E = -2940.278953 Hartrees 
G = -2939.037598 Hartrees 
The energy of TSXXVIIc-XXIXc was calculated by 
freezing the following distance: d(C8-C55). The 
value of this distance was taken from the 
optimized geometry using a simplified ligand (Me 




E = -2940.323276 Hartrees 




E = -944.012517 Hartrees 
G = -943.807500 Hartrees 
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E = -944.014585 Hartrees 




E = -943.992296 Hartrees 




E = -944.030706 Hartrees 




E = -1540.227874 Hartrees 





E = -1540.229377 Hartrees 




E = -1540.194785 Hartrees 




E = -1540.208425 Hartrees 




E = -1518.771350 Hartrees 
G = -1518.421072 Hartrees 
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E = -1518.773660 Hartrees 




E = -1518.750600 Hartrees 




E = -1518.789483 Hartrees 




E = -2689.755157 Hartrees 





E = -2689.754580 Hartrees 




E = -2689.720607 Hartrees 




E = -2689.735048 Hartrees 




E = -1642.232356 Hartrees 
G = -1641.594003 Hartrees 
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E = -1642.211879 Hartrees 




E = -1642.252497 Hartrees 




E = -2936.674192 Hartrees 




E = -2936.676726 Hartrees 





E = -2936.630785 Hartrees  




E = -2936.654772 Hartrees 




E = -946.424957 Hartrees 




E = -946.402604 Hartrees 
G = -946.158622 Hartrees 
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E = -946.451495 Hartrees 




E = -946.402111 Hartrees 




E = -946.498313 Hartrees 




E = -1542.634417 Hartrees 





E = -1542.604738 Hartrees 




E = -1542.619431 Hartrees 




E = -1542.605218 Hartrees 




E = -1542.686421 Hartrees 
G = -1542.349009 Hartrees 
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E = -1521.180119 Hartrees 




E = -1521.161332 Hartrees 




E = -1521.211448 Hartrees 




E = -1521.161932 Hartrees 





E = -1521.258727 Hartrees 




E = -2692.161160 Hartrees 




E = -2692.128723 Hartrees 




E = -2692.146121 Hartrees 
G = -2691.514014 Hartrees 
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E = -2692.133957 Hartrees 




E = -2692.214091 Hartrees 




E = -1644.633554 Hartrees 




E = -1644.620179 Hartrees 





E = -1644.671840 Hartrees 




E = -1644.622911 Hartrees 




E = -1644.724054 Hartrees 




E = -2939.075552 Hartrees 
G = -2937.872069 Hartrees 
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E = -2939.049742 Hartrees 
G = -2937.840000 Hartrees 
The energy of TSXLIc-XLIIc was calculated by 
freezing the following distances: d(C1-C79) and 
d(C1-C80). The values of these distances were 
taken from the optimized geometry using a 





E = -2939.063763 Hartrees 




E = -2939.042976 Hartrees 












E = -2939.133661 Hartrees 
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The present thesis includes the development of novel gold(I)-catalyzed transformations 
for the construction of complex polycyclic frameworks and their application to 
methodology and total synthesis of natural and unnatural products. Moreover, 
organometallic investigations in gold(I) systems and mechanistic studies through DFT 
calculations have been performed. 
The first total synthesis of the natural product repraesentin F has been accomplished in 
16 steps and 2% overall yield by implementation of a highly diastereoselective gold(I)-
catalyzed cyclization cascade as the key step. This unprecedented 
cycloisomerization/ring expansion/Prins-type tandem transformation of the appropriate 
cyclopropyl enyne substrate enabled a single-step access to the atypical tricyclic carbon 
skeleton of the natural product with the required syn/anti/syn ring fusion in 72% yield 
and using a remarkably low 0.5 mol% catalyst loading (Scheme 1). This single step 
approach for the construction of the tricyclic scaffold of repraesentin F is unparalleled 
and shortened considerably the access to this type of carbon skeleton, present in a variety 
of natural products. The synthetic preparation of repraesentin F allowed the reassignment 
of its structure, resulting in an epimer at the ketone α-position of the originally proposed 
structure. Moreover, its absolute configuration was unambiguously assigned after 
separation of the enantiomers by chiral HPLC and further crystallization of their 
ferrocenoate esters. Finally, the mechanism of the key transformation has been computed 
by DFT calculations, showing a most likely activation of the cyclopropyl enyne substrate 
by coordination of gold(I) to the alkyne (Chapter 1). 
 
Scheme 1. Summary Chapter 1. 
An efficient methodology for the synthesis of 1-substituted barbaralones from 7-ethynyl-
1,3,5-cycloheptatriene substrates via a gold(I)-catalyzed oxidative cyclization has been 
developed. It constitutes one of the shortest (2 steps), mildest and most efficient (good to 
excellent yields) synthesis of barbaralones to date. This methodology allowed access to 
barbaralone and a wide number of previously unreported 1-substituted barbaralones, 
which simplified notably the study of these fluxional molecules (Scheme 2). 
Barbaralones have been used for the preparation of complex polycyclic cage-type 






    cyclization 













        studies
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through other methods. This protocol simplified the synthesis of other fluxional 
molecules such as bullvalone and phenyl bullvalone, that could be obtained in one step 
through one carbon homologation of the corresponding barbaralones. Bullvalene and 
phenyl bullvalene have been prepared from the corresponding bullvalones via a two-step 
procedure involving the formation of the enol triflate and subsequent reduction. 
Moreover, various disubstituted bullvalenes have been also synthesized from phenyl 
bullvalone by formation of the enol triflate followed by Stille coupling (Chapter 2).  
 
Scheme 2. Summary Chapter 2. 
A combination of organometallic, mechanistic and computational studies on σ-monogold 
and σ,π-digold alkyne complexes in gold(I)-catalyzed reactions of enynes has been 
performed. A range of gold acetylides and σ,π-digold alkyne complexes derived from a 
typical 1,6-enyne and 7-ethynyl-2,3,5-cycloheptatriene, bearing NHC or phosphine 
ligands, and different counterions (when applicable) have been prepared and structurally 
characterized. The reactivity of gold acetylides and σ,π-digold alkyne complexes in 
catalysis has been tested. Gold acetylides proved to be totally unreactive species, thus, 
outside the catalytic cycle, as confirmed by DFT calculations. Their reactivity could be 
regenerated upon addition of a Brønsted acid that cleaves the C-Au bond. In the same 
way, no cyclization products were observed by heating σ,π-digold complexes up to 130 
ºC, and those species proved to be only moderate catalysts in intramolecular reactions of 
enynes (Scheme 3). DFT calculations performed supported the experimentally observed 
inertness of digold complexes in intramolecular reactions with alkenes, showing a raise 
of ca. 10-20 kcal/mol for the C-C bond formation process by coordination of a second 
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 digold complexes:
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